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SUMMARY 
The focus of this research was to understand the effect of filler characteristics and 
composite processing in polyester (PR) composites on properties with the goal of realizing 
lightweight, high strength composites. Composites were made at both lab scale via open 
mold casting, and pilot scale via compression molding of sheet molding compounds 
(SMC). The impetus for this study is a recent trend towards lightweighting in the 
automotive sector, primarily driven by fuel efficiency standards.  
In this study three different directions are explored, the first one is to add a high-
performance nanomaterial, cellulose nanocrystals (CNC), into the composite to enhance 
the properties without increasing density. The second is to add a low-density material, 
hollow glass spheres (HGS), to reduce the density without compromising the properties. 
HGS were also coated with CNC and then compounded to form CNC coated HGS-PR 
composites. The combined effect of adding both in GF-polyester resin is also investigated. 
The third is to laminate SMC in a functionally graded arrangement to reduce density 
without compromising surface properties.  
Although nanodispersion was not achieved, the ion exchanged CNCs displayed an 
enhanced storage modulus and improved elastic modulus, while maintaining composite 
density. Surface coating of HGS with CNC was successfully completed. CNC coated HGS-
PR composites displayed enhanced storage modulus and reduced maximum water uptake 
relative to untreated HGS-PR composites. Functionally graded SMC was manufactured 
and showed good lamination and similar bulk properties to a monolithic formulation of 
similar density.  
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CHAPTER 1. INTRODUCTION 
Much of materials science and engineering is founded on the paradigm of the 
materials-process-structure-properties framework (Figure 1.1), as it is the interplay 
between materials and processing that defines the structure of a product which in turn 
dictates the properties and overall performance. The material system of interest here are 
traditional glass fiber polyester composites, which have been used in various engineering 
applications for more than 50 years [1]. Such composites are made mainly using 
conventional sheet molding compound (SMC) technology.  
 
Figure 1.1 The materials science and engineering paradigm 
The goal of this thesis is to provide the fundamental understanding needed to design 
and develop and next generation of polyester composites that are either lighter or stronger 
or both using scalable techniques with industrial relevance. The approach employed was 
to either (i) substitute, partially, constituents with a small quantity of a light but stronger 
material, or (ii) reduce the density of the composites by adding ultra-light fillers such as 
hollow glass spheres or (iii) design functionally graded composites or (iv) a combination 
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of i-iii. Multiple processing techniques were explored to understand the system with respect 
to the fundamental phenomena, including dispersion and distribution of reinforcements and 
fillers within the polyester resin and interfacial interactions as well as the practical 
performance implications of such a system. Finally, to complete the understanding of the 
study, the properties and structure (i.e. strength, and heterogeneity) were examined via a 
wide array of characterization techniques.  
1.1  Background 
1.1.1 Fiber Reinforced Polymers 
Predominantly comprised of a polymer-based matrix, and a strong fiber 
reinforcement, fiber reinforced polymers (FRP) can be tailored to their specific end use. 
FRP, a young class of composite materials relative to other engineering materials, have 
found uses in a wide range of applications from the transportation to construction sectors. 
In addition to the core components-polymer and fiber-commercial FRP contain fillers that 
contribute different attributes including impact or viscosity modifiers, UV stabilizers, color 
pigments, low profile agents etc. [2-4]. 
One class of FRP known as sheet molding compounds (SMC) has risen to 
prominence in recent years. SMC consists of short and/or continuous fibers, generally 
fiberglass, and a thermoset polymer matrix. It is noted that as part of the glass fiber 
manufacturing process, a thin coating, called sizing, is applied on the glass fiber surface to 
increase the compatibility with the polymers, among other attributes. The polymer matrix 
is made up of a thermoset polymer and range of other commercial fillers with various 
purposes. Before the thermoset polymer and filler matrix is cured it is referred to as the 
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resin paste. A sample of these commercial fillers are outlined in Table 1.1. SMC materials 
are known for their formability, low cost, and adequate mechanical properties [2, 3]. As 
compared to oriented-long-fiber composites, SMC composites are easier to form and have 
substantially more isotropy in plane [3]. The wide array of variability in the SMC 
formulation provides avenues for advances in additives technology. This study will shed 
light on two specific filler materials-cellulose nanocrystals, and hollow glass spheres-and 
identify the principal mechanisms of their behavior. 
The type of polymer resin used in the SMC has a substantial effect on the properties 
of the composite. The decision process for resin selection is guided primarily by cost, 
strength, and ease of handling. Epoxy based resin systems are widely studied in the 
literature but are less common in the commercial SMC composites due to their high cost. 
Conversely polyester, both vinyl and unsaturated, are less studied in the literature due to 
the material handling issues related to the vinyl crosslinker (most commonly styrene, a 
carcinogen), and the generally higher performance of epoxies over crosslinked polyesters 
[5]. Polyesters are more commonly used in commercial SMC because of the lower cost and 
better control of thickening time [1, 3, 6]. These circumstances provide an opportunity for 
inquiries. Consequently, this study examines a commercially available polyester resin (PR) 
and high performance-fillers from a fundamental scientific perspective with the goal of 
providing translatable insights to a commercial SMC application. 
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Table 1.1 List of types of materials commonly found in SMC composites with 
specific examples. 
Segment Constituent Example Typical Mass 
% 
A-Side Paste Polymer resin Vinyl or unsaturated 









polyurethane,  or 
polyethylene 
5 
 Monomer solventa Styrene monomer  7 




 Inhibitora p-Benzoquinon <0.1 
 Mold Release Zinc stearate, Zinc 
oxide 
1.1 
 Wetting agent Acidic copolymers 0.2 
 Fillers CaCO3, hollow glass 
spheres, clay particles, 
talc, mica, etc. 
45.7 
B-Side Paste Time based 
thickener 
Metal oxides, usually 
magnesium oxide 
0.4 
Reinforcement Fibers Glass, carbon, plant 
based, or basalt fiber 
29 
a Only included in polyester based formulations 
[1, 6, 7] 
Sheet molding compounds contain added commercial fillers into the matrix (Table 
1.1). These additives provide a wide range of benefits to the material as a whole; including 
lowering cost, decreasing density, increasing mechanical properties, aiding in formability, 
enhancing surface finish, adding color, and assisting in clean mold release [1]. Calcium 
carbonate (CaCO3) is the prevailing additive by mass. Derived from limestone, calcium 
carbonate reduces the materials cost, enhances surface finish, moderates crosslinking 
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exotherms, and increases processing consistency [7]. Aside from glass fibers (2.6 g/cm3), 
CaCO3 (2.7 g/cm
3) is the main contributor to the density of the SMC (1.8-1.9 g/cm3). 
Replacing CaCO3 with low density materials could increase the fuel efficiency of a finished 
vehicle. This study will be primarily concerned with substituting this high-density filler 
with lower density alternatives. 
Much of the optimization and research of commercial fillers has already been 
completed by industry and is either patented or trade secret; however, nanomaterials have 
only been explored to a limited extent in some matrices [8-10]. Similarly, another open 
area of research is the integration of hierarchical structures (i.e. coating micron sized 
materials with nano sized particles, or structuring the SMC on the millimeter scale using 
classical models as design guides) to combat the increased density and increase the 
competitiveness of SMC. To explore the optimization potential, this study examines 
cellulose nanocrystals-polyester composites, hierarchical syntactic foams, and functionally 
gradient structures.      
1.1.2 Cellulose Nanocrystals 
Nanocomposites (composites which contain reinforcements or fillers that have at 
least one dimension less than 100 nm) pose a fascinating dilemma for materials researchers, 
there are many fundamental opportunities for improving composite material performance, 
but processing challenges limit translation of nanoscale properties to macroscopic 
structures. Theoretical research set grand expectations for fully realized nanocomposites, 
but empirical complications restrict progress. In the field of structural composites, the chief 
complication is efficiently dispersing the nanomaterial in the matrix phase. Ideally, fully 
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dispersing the nanomaterial takes advantage of the high surface area to volume of the 
nanoparticles. The interfacial volume for an ideal dispersed nanocomposite can be orders 
of magnitude greater than for traditional composites containing the same volume fraction 
of reinforcements. Properties of the matrix material at this interface are significantly 
different than in the bulk. As a result, even a small amount of nanomaterial by volume can 
significantly affect the bulk properties [11-17].  
In recent times, sustainable or renewable materials including fillers, reinforcements 
or polymers used as matrices have become a topic of interest in the field of materials 
science and engineering. These family of materials are defined as being derived from a 
resource which are replenished through a natural process. Furthermore, overall 
sustainability (i.e. the environmental impact or carbon footprint) of the material system and 
the resulting product is of growing concern. A common approach to achieving these goals 
is twofold: reducing the part’s mass and incorporating an increased amount of renewable 
materials. Critically, to be fully integrated into consumer products, these goals need to be 
achieved without sacrificing critical to customer properties. 
Cellulose nanomaterials (CNM) have been incorporated into polymer composites 
for over 25 years [18]. This family of materials is attractive in a market where 
environmentally friendly material feedstocks are valued. Cellulose based materials have 
been widely used for applications ranging from food packaging to textiles. CNMs can be 
extracted from bulk cellulose materials (e.g., plants, trees, agricultural waste streams, 
recycled paper, etc.). Although CNM mechanical properties are not notably better than 
other nanomaterials, the biogenic, renewability, biodegradability, low toxicity, and high-
volume production potential of these materials makes them particularly appealing. If used 
 7 
properly, CNMs can provide strength and modulus improvements in polymer composites, 
and with a density of ~1.59 g/cm3 the addition of CNM has only a slight effect on the 
overall composite density. Cellulose nanocrystals (CNC) are one type of CNM and are 
comprised of highly crystalline cellulose domains. Some basic material properties of these 
materials are outlined in Table 1.2, along with other comparable nanomaterials. This study 
will examine CNC and their impact in CNC-PR composites. 
Table 1.2 General material properties of common nanofillers 








Cellulose Nanocrystal 10-100 7.5-7.7 110-120 1.6 
Carbon Nanotubes 100-500 11-63 270-950 1.3 
Carbon Nanofibers 150 2.9 240 1.8 
Graphite Platelet 10-10000 10-20 1000 2 
Clay Nanoplatelets 0.3-1000 1 170 2-3 
[13, 19, 20] 
 Various studies have explored CNC in thermosets such as epoxy and polyester [9, 
10, 21-45]. CNC have been proven as an advantageous additive in CNC-GF-epoxy SMC 
systems [8-10, 37]. Work has also been done that studies a CNC-PR composite [21, 23-26, 
28, 32, 46]. In surface modified CNC-epoxy composites mechanical testing revealed 
increases in Tg by 30°C, tensile strength by 82 %, elastic modulus by 21 %, and high 
temperature storage modulus by 160 % [45]. One aspect of this study is to investigate the 
potential of CNC as a mechanical reinforcement in PR based composites. Silane treated 
CNC-PR composites have shown increased tensile strength by 20 %, and tensile modulus 
by 11 %. [25]. In the context of SMC there are a few main avenues for introducing 
particulate fillers and nanoparticles: direct addition into the resin paste, coating the glass 
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fibers in sizing, and coatings of other fillers [1]. Previously studies have found CNC to be 
an efficacious sizing on glass fibers sizing for use in epoxy-based composites [37].  
Reinforcement material surface chemistry can play a substantial role in how the 
properties of interest are transmitted to the bulk composite [5, 20]. In the world of polymer 
composites, surface treatment (the most common of which is silanization) of the 
reinforcing material is a common route. Surface treatment offers a wide range of surface 
chemistries to be added onto the surface in a relatively easy manner on the lab scale [40]. 
However, this process can be challenging to scale up when applied to nanofillers (i.e. CNC) 
due to their tendency to agglomerate prior to their reaction with the coupling agent. 
Consequently, only the agglomerate surface is modified, rather than each individual 
nanoparticle surface. Ion exchange is a process that has been used on CNC to exchange the 
cation, usually a group I element, for a more complex oligomer. The exchanged electrolyte 
can be bulky-to reduce CNC-CNC interactions-or selectively reactive-to encourage 
bonding between the CNC and matrix. Ion exchange is already in use for water purification, 
chemical analysis, and fuel cell manufacturing indicating the potential for this surface 
modification method to be commercially relevant [47]. Therefore, this study used CNC 
functionalized by an ion exchange process. In the previous work counterions were selected 
with the intent of reducing CNC-CNC interactions. CNC ion exchanged with 
methyl(triphenyl) phosphonium cations displayed reduced water absorption and lower 
desorption hysteresis and increased the peak degradation temperature indicating the 
potential for both better compatibility with a non-polar polymer matrix, and good 
environmental stability of the resulting composite. These materials were used to make 
CNC-epoxy nanocomposites and resulted in an increase in tensile modulus of 15 % [36].  
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Cellulose nanocrystals have been studied in various polymer matrices with a wide 
combination of other fillers [31, 34, 48-50]. These studies have predominately examined 
nanocomposites manufactured on the lab scale, with few striving to explore a larger scale 
process [8-10]. Conventional approaches to introducing nanomaterials into polymer 
composites-direct mixing, in situ polymerization-have proven predominantly ineffective 
[31]. The use of ionic surfactants or ion exchanged CNCs has only been explored in a 
limited number of matrix materials, and with a limited number of select counter ions. 
Combination treatments-i.e. using ion exchanged CNC in conjunction with traditional 
surfactants-has also not been examined as a potential route for CNC incorporation into 
polymer matrices. If the goal of utilizing sustainably sourced materials, such as CNC, is to 
be realized, all avenues of material incorporation must be explored. 
1.1.3 Syntactic Foams 
Syntactic foams are a family of materials that contain hollow spheres in a solid 
matrix. They are widely used in applications (i.e. automotive body panels, aircraft 
components, and marine structures) that require low density, radiation transparency, and 
high specific strengths. One material used in these foams is hollow glass spheres (HGS) 
which have substantially reduced densities (0.2-0.8 g/cm3) as compared to the other 
components of the SMC [51]. SMC containing HGS have been in development since at 
least the 1970’s [52]. Although these materials have been studied previously, there has 
been little success in generating a so called ultra-low density (~1.0 g/cm3) SMC using HGS 
that also maintains mechanical strength [7, 52-54]. Much of the work in literature focuses 
on a system with fewer components: a reinforcement (fibers, nanofibers, or nanotubes), 
hollow spheres, and an polymer resin [55-57].  
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Many have developed numerical and computational models to explain the 
relationship between the properties of the constituent materials to the properties of the bulk 
syntactic foam [58-62]. Deviations from the ideal theoretical behavior are attributed to 
several sources: an imperfect HGS-matrix interface, interstitial porosity, and clustering of 
HGS particles within the matrix [60, 63].  An analytical model that took into account 
interface imperfections, parameterizing the adhesion between the HGS surface to the 
matrix polymer, found good agreement with experimental data up to 60 vol% HGS loading 
[60]. Elsewhere finite element techniques demonstrated how clustering of HGS leads to 
lower energy crack propagation and more rapid structural failure [63].  
The interphase of syntactic foams dictates the properties of the bulk composite. 
Consequently, HGS are often surface modified with a range of chemistries to enhance this 
interphase. Silanization with methacryloxypropyl trimethoxysilane increased the flexural 
strength of a fiber reinforced polyester composite by 10% and the flexural modulus by 5% 
in SMC composites with density of ~1.3 g/cm3. Other types of silanes were studied with 
similar increases to strength and modulus [64]. Elsewhere surface modified fly ash 
cenospheres have been studied in polymer matrices. These studies stop short of providing 
insight into the reinforcement-matrix chemical interactions, via dynamic mechanical 
analysis or Fourier Transform Infrared analysis (FTIR), and instead rely solely on imaging 
and bulk characterization techniques such as mechanical testing [65, 66]. A wide array of 
work has been published on incorporating a broad spectrum of fillers and nanofillers into 
the matrix phase of syntactic foams [7, 52-57, 67-70]. However, coating hollow particles 
prior to compounding has seem little examination in the literature [71, 72]. It is possible, 
and even likely that development in this area has been completed in the commercial sector, 
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but there is no publicly available information on the subject. Work by Zhang et al. 
developed HGS coated with a high specific surface area metal organic framework and, 
subsequently, a phosphorous containing silane. In the study they observed an increase in 
interfacial strength between the HGS and the epoxy matrix [73].  
Extensive research has been conducted in reinforced syntactic foams [57, 74]. 
Various materials including glass and carbon fibers, carbon nanotubes, and clay 
nanoplatelets have been used in reinforced syntactic foams [57]. These filler materials have 
shown a general increase in mechanical properties and performance. No studies exist that 
explore the effect of CNC-polymer matrix syntactic foams. Other studies have shown an 
enhancement in the interface of epoxy-GF when CNC are added to the matrix, indicating 
the potential for an enhancement of polymer-HGS interface via CNC addition. The 
Achilles heel of syntactic foams remains the interfacial adhesion strength between the 
hollow particle and the matrix. Theoretical models and experimental work have confirmed 
the weakness of the interface [60]. The main method for enhancing interfacial strength is 
surface modification of the hollow particle via silanes or other chemical agents [66, 67, 
75]. Prior work on coating fibers with CNCs has shown significant promise [33, 37]. Others 
have also explored using CNC in conjunction with silanes to enhance surface properties of 
glass substrates [76]. Translating the processing technology from fibers and planar 
substrates to hollow glass spheres will pose a challenge. Very limited work has been done 
in the literature on coating hollow particles for syntactic foams with nanomaterials [71]. 
Thus, translating GF coating technology to HGS surface treatment would greatly expand 
the property space for syntactic foams.  
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This study examines pre-processing treatment of HGS in the development of ultra-
light weight SMC composites. Specifically, the chemical and physical interactions between 
the HGS and matrix are of interest, and the effects of CNC coatings of HGS on the 
properties of HGS-PR composites. Additionally, to better understand the process of 
developing a material from lab scale to pilot scale, this study examines HGS both in the 
context of a bench top idealized system, and then to a full-scale SMC, including relevant 
commercial additives and fillers. 
1.1.4 Functionally Graded Composites 
SMC manufactured with HGS have one major drawback with respect to 
commercial applications, a reduction in surface finish quality. After sanding the part 
surface, a standard step to prepare the part for painting, the HGS can be fractured, resulting 
in micro voids on the surface. These voids capture volatiles from paint primer and, after 
heating, result in paint pops. Such defects are extremely undesirable and difficult to 
mitigate [52-54]. As a result, some have looked towards a functionally graded, or sandwich 
structure, where the outer layers are free of HGS while the inner layer contains some 
amount of HGS. This technique improves surface quality and reduces part density [53]. 
Syntactic foams are also a common choice as a core material in sandwich style composites. 
Such composites usually have prepreg fiber mats as the outer layers with relatively 
significantly thicker syntactic foam cores [74, 77, 78]. Some limited studies have been done 
on functionally graded syntactic foams generally comprised of only epoxy and HGS. One 
of the main challenges noted in these studies is allowing the resin paste to thicken enough 
to prevent the HGS from floating to the upper layers of the resin [79-81].  
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This study will investigate the mechanical properties of functionally graded 
composites produced by SMC. A functionally graded composite part will be manufactured 
that utilizes HGS through processing paths developed in this study. The potential of this 
approach will be investigated by comparing the properties of the functionally graded 
composites made with the properties predicted by the lamination theory using a laminator, 
a commercial software for design or study laminated structures [5].  
Sheet molding compounds are a thoroughly examined for commercial optimization. 
Unfortunately for academic interests, these studies neglect to explore the fundamental 
material-structure-property relationships that underlie the composite performance. Such a 
fundamental study of SMC is no simple task. The degrees of freedom in such an experiment 
would be on the order of 10-20 factors. Functionally graded SMC has been studied in brief 
and without consideration of fundamental relationships. Micromechanical models are a 
useful tool for illuminating the fundamental relationships that would be difficult to observe 
in a multifactorial experiment.  
1.2 Thesis Aims 
1.2.1 Goals and Objectives 
Primarily, the goal of this work is to understand the materials-structure-property 
relationship in a lightweight polymer composite using CNC and HGS. This study aims to 
address three main objectives:  
1. Understanding the effect of cellulose nanocrystal surface chemistry on CNC-PR 
composite properties. 
 14 
2. Understanding the effect of cellulose nanocrystals on HGS-PR composite 
properties. 
3. Evaluating methods of lightweighting SMC on composites via classical lamination 
theory and examining the fundamental aspects of functionally gradient structures 
on SMC composite properties. 
In examining these questions, it will be possible to better understand the role of 
HGS, and CNC in composite properties as well as the development and manufacturing of 
advanced SMC composites, (Figure 1.2). The structure of this study is such that it bridges 
the gap between fundamental and applied research, thus providing an expansion of the 
fundamental knowledge of the field that is more directly applicable for use in industry.  
 














CNC in PR matrix 
with HGS
Task 2.2: 











1.2.2 Methodology of Thesis 
The structure of this manuscript generally follows the order of the thesis objectives 
outlined in 1.2.1. Chapter 2 outlines common materials and methods used in the work, 
allowing for more explicit detail to be provided in later chapters where necessary. Chapter 
3 discusses results from experimental work on CNC-PR composites. Work on syntactic 
foam composites and reinforced syntactic foam composites is delivered in Chapter 4. 
Chapter 5 discusses the results of scale up and a comparison of resulting properties to 




CHAPTER 2. MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Resin, Additives, and Glass Fibers 
For the work in Chapters 3, unsaturated polyester resin POLYLITE 31608-00 was 
provided courtesy of Reichhold, an industrial manufacturer of unsaturated polyester resins 
for composites and coatings. Work in Chapter 4 and 5 used a separate commercial resin, 
Arotran 774/775. This two-part resin was provided courtesy of Ashland Inc., an industrial 
resin manufacturer. For later studies, the Arotran resin was selected due to its lower density. 
For lab scale studies, the initiator used, methyl ethyl ketone peroxide (MEKP), was 
purchased from Sigma-Aldrich. The catalyst, cobalt naphthenate (CoNap), was purchased 
from Alfa Aesar-53% in mineral spirits. Pilot scale trials used a higher temperature 
peroxide initiator, tert-butyl peroxybenzoate (TPBP). Calcium carbonate, HuberCarb W4, 
was supplied by Huber Engineered Materials. Surface treated glass fiber rovings, Advantex 
P204, was provided courtesy of Corning, (density 2.62 g/cm3). The wet out, BYK 9010, 
was provided by BYK Additives and Instruments. Zinc stearate, the mold release, was 
purchased from Acros Organics. A styrene emission agent was used as supplied from BYK 
Additives and Instruments, BYK-s 740. 
2.1.2 Cellulose Nanocrystals 
Freeze dried CNCs with different surface functionality and dimensions were used in 
this study. For work in Chapter 3 as received freeze-dried powder of sulfonated CNC 
(SCNC), manufactured by United Stated Department of Agriculture-Forest Product 
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Laboratory with a degree of substitution of 0.27 mmol/g, were purchased from the Process 
Development Center at the University of Maine. SCNC diameter and length post-
hydrolysis were 7 ± 2 nm and 134 ± 52 nm respectively [82]. Cellulose nanocrystals 
functionalized with Methyl(triphenyl) phosphonium (PhCNC), at a degree of substitution 
of 0.25 mmol/g, were provided courtesy of American University, Washington, D.C. at a 
concentration of 4 wt% in deionized (DI) water. PhCNC are produced from an ion 
exchange process. The average diameter and length of the PhCNC in solution were 6 ± 2 
nm and 130 ± 67 nm, respectively. Maleic acid functionalized CNC (MCNC) were 
provided courtesy of the Forestry Products Laboratory at a concentration of 0.58 wt% in 
DI water. MCNC were produced from bleached eucalyptus pulp fibers by maleic acid 
hydrolysis and have a diameter of 12–15 nm and a length of 500–700 nm, and a COOH 
degree of substitution of 0.20–0.25 mmol/g. Methods for synthesis and characterization of 
the PhCNC and MCNC materials can be found elsewhere [36, 83]. The freeze dried SCNC 
were also used in work in Chapter 5. 
For work included Chapter 3, the as received MCNC and PhCNC water suspensions 
were freeze-dried by first mixing with 10% tert-Butyl alcohol by volume to enhance CNC 
isolation in the lyophilized state [84]. The suspensions were then sonicated and placed in a 
−80°C freezer. Once frozen samples were lyophilized until dry using a Labconco 12L 
freeze-drier at approximately − 45 °C and 200 µbar for 2–4 days. Freeze-dried CNC 
powders, consisting of micronized particles/flakes, were used without any post processing.  
For work included in Chapter 4, CNC were utilized in both a dried state and in 
dispersion to coat HGS. The dried CNCs were supplied by Celluforce and were spray dried. 
The spray dried CNC particles have a diameter ranging from 1-50 µm. Celluforce CNC 
 18 
have an individual particle diameter and length of 2.3-4.5 nm and 44-108 nm, respectively. 
The sulfate content of these CNCs is 0.246-0.261 mmol/g. Summaries of CNC used are 
outlined in Table 2.1. 
Table 2.1 Cellulose Nanocrystal surface treatments and drying methods 
Short Name Source Surface Treatment Drying Method 
Chapter 3 
SCNC University of Maine Sulfate half ester, 
sodium counterion 




University of Maine 




MCNC Forest Products Lab Maleic acid half 
ester 
Chapter 4 
NaCNC Celluforce Sulfate half ester, 
sodium counterion 
Spray dried 
NaCNC Celluforce Sulfate half ester, 
sodium counterion 
Never dried, 6 wt% 








Never dried, 4 wt% 
in DIW 
 
2.1.3 Hollow Glass Spheres 
Hollow glass spheres were provided by 3M. Surface treated and untreated HGS were 
provided. The surface treated HGS were treated with a 3-(Trimethoxysilyl) propyl 
methacrylate (<1 wt%) Figure 2.1. The S32HS class HGS are comprised of a soda-lime-
borosilicate glass, have a D95 of 47 µm (95% of the HGS are smaller than 47 µm), and 
have a volatile content of 0.5 wt%. The S38HS class HGS are of similar composition to 
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the S32HS HGS but have an average diameter of 44 µm and a volatile content of 0.5 wt%. 
The types and relevant properties of the hollow glass spheres are listed in Table 2.2. These 
HGS were selected based on the combination of both low density, and good mechanical 
strength. The rigors of processing and handling (both in benchtop scale mixing and SMC 
compounding) can fracture and damage some HGS. S32HS and S32HS-MAS were used 
in both Chapters 4 and 5 while S38HS were only used in Chapter 5.  
Table 2.2 Hollow Glass Sphere Types and Properties 





S32HS 0.32 25 Glass 
S32HS-MAS 0.32 25 Methacryl silane 
S38HS 0.38 44 Glass 
a Average HGS density and diameter provided by manufacturer 
 
Figure 2.1 3-(Trimethoxysilyl) propyl methacrylate structure 
Some HGS were further coated with CNC. This was achieved using a similar method 
to Pacaphol et al. [76].  CNC were dispersed in de-ionized water (DIW) at 1 wt% 
concentration by probe sonication. Dispersing CNC prior to the reaction increases the 
available reactive groups on the CNC nanoparticles. S32HS-MAS were then added in a 
ratio of 10:1 (HGS:CNC) by weight. Ethanol was added to produce a 1:1 ethanol:DIW 
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mixture. The addition of ethanol is necessary to properly disperse the relatively non-polar 
S32HS-MAS. Acetic acid was added to a pH of 4-5 to catalyze the hydrolysis of the silane.  
Samples were then stirred overnight to ensure good mixing. The mixture was then stirred 
and heated to 70°C for 2 hr to attempt to react the silane with the CNC. After heating the 
mixtures were filtered, rinsed, and dried in an oven at 120°C for 2 hr. A general reaction 
overview is shown in Figure 2.2. 
 
Figure 2.2 Schematic mechanism of potential chemical reaction linking CNC and 
HGS. 
2.2 Fabrication and Manufacturing Processes 
2.2.1 Lab Scale Polyester Composite Fabrication Processes 
 Mixtures of dried CNC powders with PR were prepared at various ratios first by 
manual mixing and then by probe sonication, QSonica Q-500 with ½” probe, at 50% power 
alternating 5 s on and 3 s off, in an ice bath, until a target energy density of 500 J/g was 
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reached. Samples were cooled to room temperature at intervals of 2.5 min during 
sonication. Subsequently, the catalyst, CoNap was added to the mixture at 0.2 wt% and the 
mixture was stirred. The initiator, MEKP, was then mixed at a ratio of 1.5 wt%. After 
mixing the system was degassed under vacuum, a small amount was set aside for optical 
imaging, while the remainder was poured into an open silicone mold. Samples from 
Chapter 3 were cured at room temperature for 3.5 h and post cured at 100°C for 30 min 
(Table 2.3). Samples from Chapter 4 were cured at room temperature overnight and then 
post cured at 120°C for 2 h (Table 2.4). Two separate cure profiles were used due to the 
change in resin. Samples were then demoulded. Any excess flash material was removed 
gently with high grit sandpaper.  




1 wt% CNC 
(wt%) 
2 wt% CNC 
(wt%) 
Polylite 31608 98.3 97.3 96.3 
MEKP 1.5 1.5 1.5 
CoNap 0.2 0.2 0.2 
CNC 0 1 2 



















Arotran 774 68.2 67.5 64.8 65.0 60.4 64.4 61.7 
Arotran 775 29.2 28.9 27.8 27.9 25.9 27.6 26.4 
MEKP 1.5 1.4 1.4 1.4 1.3 1.4 1.3 
CoNap 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
BYK-S 740 1.0 1.0 0.9 0.9 0.9 0.9 0.9 
HGS 0 0 0 4.6 11.4 4.6 4.5 
CNC 0 1.0 5.0 0 0 1.0 5.0 
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2.2.2 Pilot Scale Polyester Based SMC Fabrication Processes  
The manufacture of an SMC composite part can be divided up into three main 
stages: resin mixing, SMC compounding, and hot pressing. Thoroughly mixing and 
dispersing the fillers within the resin paste is critical in preventing heterogenous defects 
and achieving an isotropic resin. In an industrial setting the resin paste is mixed 
continuously in large vessels. After mixing is completed the resin paste is then transferred 
to the resin reservoirs in the SMC line (Figure 2.3). A carrier film, driven by a conveyor, 
pulls the resin underneath the doctor blade to produce a continuous film of consistent 
thickness. The thickness is adjusted by the doctor blade height and belt speed. Chopped 
fibers are then dropped onto the resin layer. The mass flow rate of fibers can be controlled 
the cutting wheel speed and belt speed. Fiber length can be varied from 6.4 to 50.8 mm 
(¼” to 2”). Wetting of the fiber bed is achieved when the two resin films are sandwiched 
in the compaction zone which is driven by a series of calendar rolls. After compaction, the 
SMC is collected and stored. A thickening or maturation stage is necessary to prepare the 
SMC for molding. The viscosity required for molding is several orders of magnitude 
greater than the viscosity needed to for the resin mixing and SMC compounding step. 
Typical maturation times are on the order of days or weeks. After the resin paste has 
reached a putty like consistency it is ready for forming through compression molding. 
Depending upon the desired part dimensions, and the flow behavior of the material, a 
charge of certain shape and number of layers is cut from the SMC sheet and placed into 
the preheated mold tool. Heated presses with metal-typically stainless steel-tooling are 
used to form the material. The press is then closed for a fixed time after which the part is 
ejected, and the process repeated until the desired number of parts has been manufactured 
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or the SMC consumed. Typical tool temperatures range from 100-200°C with molding 
times on the order of minutes [1].  
 
Figure 2.3 Schematic representation of a typical SMC line. 
 Resin paste was mixed using a Eurostar 40 cN motor in conjunction with a Cowell 
high shear mixing blade. The high shear mixing blade and motor were selected due to both 
their capability to rapidly homogenize the resin paste and the fact that this system 
approximates the systems used in commercial scale processes. The volume of resin mixed 
was approximately 2.5 L in a 4 L stainless steel vessel. A batch volume of 2.5 L was 
selected because it resulted in good mixing (higher or lower volumes resulted in low quality 
mixing vortexes), and because it allowed for manufacture of several finished plates from a 
single run. Various formulations were used in the study, some with and without CaCO3, 
and some with and without HGS. Resin paste formulations are outlined in Table 2.5.  When 
used, CaCO3 added and mixed at a speed of 2,000 rpm-to break up any agglomerates-and 
HGS were mixed at a speed of 1,200 rpm-to avoid HGS fracture. A Finn & Fram Pilot 
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Scale SMC line was used. Fabrication of SMC on the pilot scale line was carried out using 
parameters stated in Table 2.6. Process parameters were identified over multiple iterations 
using a standard commercial formulation. The combination of resin bed width, and fiber 
drop width provided good wet out of fibers in the width that is needed for charge shaping 
(17-23 cm). The belt speed and glass fiber chop speed were selected to achieve the desired 
GF volume fraction. A GF length of 25.4 mm is considered the industry standard for most 
SMC materials.  
Table 2.5 Resin paste formulation for samples in Chapter 5. 









Arotran 774 Resin 70 70  70  70 
Arotran 775 Resin 30 30  30  30 
TBPB 0.75 0.75 0.75 0.75 
BYK 9010 1.00 1.61 1.61 1.61 
BYK 740 1.00 1.00 0  0  
Zn Stearate 4.50 4.50  4.50  4.50 
Hubercarb W4 195 0 99.1 99.1 
HGS 0 31.4  16.88  16.88 
NaCNC 0 0 0 1.0 
B-Side  
AM 9033 1.90 2.50  2.50  2.50 




1.75 0.70  1.23  1.23 
A Wabash 50-ton hot press, model v50-1818-2tmx, was used for compression 
molding. The molding tool was manufactured separately and designed to produce 279.4 x 
279.4 mm2 plates. The tool dimensions were selected to optimally utilize the available 
SMC dimensions, (the pilot line has a maximum width capability of ~26 cm). The molding 
tool was comprised of three parts: the aluminum male half, the aluminum female half, and 
a steel punch out plate. Aluminum was chosen as the base material for the male and female 
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halves of the mold to manage costs. Steel was selected for the punch out as it experiences 
repeated concentrated impact during manual ejection and removal of the part. Typically 
tooling costs are the single most significant cost induced in the SMC manufacturing 
process. Aluminum tools have lifetimes that are orders of magnitude less than steel parts 
but cost substantially less. Since this project does not require high volume production 
(1,000-10,000s of units), aluminum was used for the body of the mold tool. Prior to 
introducing the charge, the mold was coated with zinc stearate release agent and pre-heated. 
Charge dimensions were varied to produce a 6 mm plate, but generally fell between 22 and 
24 cm square (8½ and 9½” square) and used 4 plies. The plate thickness (5-6 mm) is a 
direct result of the mold cavity size. The plies were laid upon each other to keep the 
machine direction in one axis. Keeping the machine direction along the primary axis 
essentially controls the effect of any GF orientation bias.  Once the zinc stearate coating 
had liquefied, indicating the mold was fully heated (zinc stearate melting point ~120°C), 
the charge was placed in the lower mold cavity, the top mold plate was positioned, and the 
entire assembly was set into the hot press. Preheating the mold is necessary to ensure that 
the material reaches the desired curing temperature, and no heat is lost further raising the 
temperature of the tool. After a final check for alignment of the mold the press was closed, 
and pressure was increased and held for 2 min. The mold assembly was then immediately 
removed, disassembled, and the finished plate was removed. Other molding parameters 




Table 2.6 Pilot scale SMC line parameters 
Parameter Value 
Resin Bed Width 254 mm 
Fiber Drop Width 254 mm 
Fiber Cutting Speed 4.4 g/s 
Belt Speed 11 mm/s 
Chopped Fiber Length 25.4 mm 
Number of Rovings 6 
Press Pressure 5.7 MPa 
Mold Cavity Dimensions 279.4 x 279.4 x 6 mm3 
Molding Temperature 146°C 
Molding Time 2 min 
 All samples were cut so that the machine direction aligned with the primary axis of 
the specimen. An OMAX Maxiem 1515 was used for cutting. The machining parameters 
were a Quality factor of 5, a high pressure setting, and a machinability setting of 700.  
2.3 Characterization Techniques and Analysis Tools 
Optical imaging of resin mixtures was completed using a Leica DM2500 optical 
microscope. The small amount of resin mixture that was set aside just after the degassing 
step was poured onto a glass microscope slide and covered with a glass cover slip, such 
that the layer of CNC-PR mixture was about 180 µm thick. Preparing samples this way 
provided a thin enough sample where individual CNC agglomerates could be resolved. 
CNC agglomerates in thicker specimens would scatter more of the light making it 
impossible to resolve any features. Images were collected under transmission and through 
cross polarizers. Due to the optically active nature of CNC cross polarizers can be used to 
provide increased contrast between the CNC and the polymer matrix. Optical imaging can 
be useful in characterizing the CNC agglomerate size and distribution in the matrix. 
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Imaging of pilot scale composite fracture patterns and cut surfaces was completed with a 
Leica DVM 6 optical microscope.  
For experiments presented in Chapter 3 scanning electron microscopy (SEM) was 
completed using a Zeiss Ultra 60 FESEM at an accelerating voltage of 5 kV. Samples in 
Chapter 4 and 5 were imaged using a Phenom ProX SEM at 10 kV. For samples in all 
chapters prior to imaging, samples were Au/Pd sputter coated for 20-30 s at 0.1 mA using 
a Cressington 108 sputter coater to reduce charging effects. Fracture surface imaging is 
useful in identifying the source of fracture (e.g. void, agglomerate, impurity), the type of 
fracture propagation, the quality of the interface between filler and matrix, and the general 
distribution of filler material. 
Mechanical testing of the tensile strength and modulus were completed according 
to ASTM D638 using an Instron 5982 equipped with a 100 kN load cell. For experiments 
in Chapters 3 and 4 a preload of 20 N was applied to remove slack from the load string, 
and testing was completed using displacement control with a cross-head speed of 5 
mm/min [85]. Testing was completed in ambient conditions. The dogbone neck sample 
thickness and width were 3.3 mm, and an extensometer MTS-Model-634, with a gauge 
length of 12.7 mm and an axial travel range of ± 10% was used to record the axial strain. 
Six specimens for each CNC-PR composite type were tested. The tensile modulus was 
calculated in the linear elastic region. The results presented in Chapter 5, were obtained by 
tensile testing that was completed using a 5982 Instron with a 100 kN load cell. The 
specimen dimensions were set in accordance with ASTM 638 type I samples. Tests were 
completed at a strain rate of 5 mm/min until failure. The preload for each test was 440 
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N/min up to 40 N. Tensile testing was used to identify the ultimate tensile strength, and 
tensile modulus. 
Mechanical testing of the flexural strength and modulus were completed according 
to ASTM D790-17 using an Instron 33R 4466 equipped with a 500 N load cell [86]. For 
Chapter 3 sample dimensions were 60 mm × 11.9 mm × 3.6 mm and were tested in 3-pt 
bending with a span length of 50 mm, and a displacement rate of 1.18 mm/min. Testing 
was completed in ambient conditions. At least four specimens of each CNC-PR composite 
type were tested. Flexural modulus was taken as the linear regression in the linear elastic 
region, (1.0–1.1% strain). The results presented in Chapter 5 were obtained from composite 
specimens with dimensions of 117 mm × 20 mm with 5–6 mm thickness and testing was 
performed at room temperature with a three-point bending fixture with a span length of 75 
mm at a test rate of 3 mm/min. Flexural testing was used to identify flexural strength, and 
flexural modulus. Flexural testing is useful especially in samples where there may be 
property differences through the sample thickness. 
From the perspective of a fundamental analysis changes in viscoelasticity can be 
extremely edifying. Dynamic mechanical analysis (DMA) has been extensively used to 
study changes in storage and loss modulus, and glass transition in polymer composites. 
Furthermore, DMA can be used to determine the cumulative effects of the matrix-CNC 
and/or matrix-HGS interactions (i.e. both chemical interactions such as covalent bonds, 
and physical interactions such as entanglements) on composite mechanical properties [24, 
56, 87]. In conjunction with mechanical testing, DMA will be used to study chemical and 
physical interactions between the filler and matrix. 
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For Chapter 3 dynamic mechanical analysis (DMA) was used to determine the glass 
transition temperature (Tg) following ASTM D7028-07 [88]. DMA testing was conducted 
on a TA instruments Q800 DMA. The DMA parameters were standard at an oscillation of 
1 Hz and a heating rate of 3°C/min, ramped from 40 to 230 °C. Sample dimensions were 
60 mm × 11.9 mm × 3.6 mm, and were tested in 3-pt bending with a span length of 50 mm 
and a strain of 0.1%. The Tg was defined as the temperature at peak tan(δ). Glassy and 
rubbery modulus were taken to be the storage modulus at 80°C and 180°C, respectively. 
At least two specimens of each CNC-PR composite type were tested. For chapter 4 the 
heating rate was 5°C/min, ramped from 30 to 250°C. Glassy and rubbery modulus were 
taken to be the storage modulus at 50°C and 200°C, respectively. For Chapter 4 at least 
three specimens of each HGS-CNC-PR composite type were tested.  
For samples discussed in Chapter 3 differential scanning calorimetry (DSC) was 
conducted using a TA Instruments Q2000 DSC on test specimens of approximately 10 mg. 
Samples were tested in Tzero Aluminum DSC pans and lids. To determine the residual 
enthalpy, two samples of each different curing cycle were ramped at 10°C/min to 200°C 
under a nitrogen purge of 50 mL/min. In addition to composite formulations, neat PR resin 
was also tested under the same parameters to acquire the total enthalpy of cure, which was 
used to calculate the percent cure of each sample.  
Thermogravimetric analysis (TGA) was conducted on surface treated HGS to 
determine the amount of material deposited on the HGS surface through different coating 
methods. The TGA testing was conducted using a TA Instruments Q500 TGA. Test 
specimens were at least 5 mg in weight. The heating profile was 30 to 600°C at a rate of 
10°C/min under a Nitrogen atmosphere.  
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ASTM D792-13 was followed to find the density of cured samples cut from the 
hot-pressed plates [89]. When relevant, the glass fiber content of each formulation was 
calculated using the Rule of Mixtures. Density measurements were completed using the 
water displacement technique of specimens that weighed at least 300 mg. At least 3 
specimens were tested. Samples with densities less than water were weighed down using 
wire. 
To determine the quality of the CNC surface coating on the HGS x-ray 
photoelectron spectroscopy (XPS) was used. To complete XPS testing a Thermo K-Alpha 
XPS equipped with a 1.486 KeV aluminum K-alpha x-ray source. Samples were probed 
for several elements, primarily carbon. XPS analysis can be used to identify relative 
amounts of hybridization for specific elements as well as relative atomic percentages to a 
high degree of accuracy and precision. 
Water uptake measurements were conducted in accordance with ASTM D5229 
[90]. The results are discussed in Chapter 4. Three DMA bars were used. Samples were 
dried in an oven at 100°C for 24 hr and stored in a desiccator until cooled to room 
temperature. The testing coupons were aged in 70°C DIW for 1 week. Once per day 
samples were removed from the water bath, patted dry, and weighed on a balance with 
precision to 0.1 mg. Samples weighed at least 2 g. For results in Chapter 5, 12.7x12.7 mm 
square pieces were waterjet from the plate material, sanded with high grit sandpaper to 
remove the tabs and immersed in DIW. Five samples were aged in DIW at 35 and 70°C 
each. The duration of the study was limited by the outbreak of the COVID-19 pandemic 
and subsequent campus closure. Samples were removed from the bath, patted dry, and 
weighed every 2-3 days. For water aged tensile samples in Chapter 5, three tensile bars 
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were set aside and stored in DIW at 70°C for 3.5 weeks. After the ageing period the samples 
were removed from the bath and subsequently tested. 
All samples which were tested for significance are based on a 95% confidence 
interval (CI). Pairwise Tukey’s test was used to determine if mean values were significantly 
different in test methods where statistical significance is discussed. This method for 
multiple comparison is useful as it has reduced error over multiple t-test comparisons. The 
method assumes that all observations are independent among groups, that the data is 
normally distributed within a group, and that there is equal within-group variance across 
all samples. The Tukey’s test first requires an ANOVA analysis.  
For glass filled or glass reinforced polymer matrix composites, a primary driving 
force for the absorption of water is the glass-polymer interface. In order to provide a 
relevant comparison for glass fiber surface area for samples in Chapter 5 which contain 
both HGS and GF the specific surface area (SSA) of glass was calculated. Taking the 
surface areas of the GF and HGS to be the surface area of a cylinder (ignoring the area of 
the ends), and the surface area of a sphere (AGF and AHGS). And taking the volumes of the 
GF and HGS to be that of a cylinder and sphere (VGF and VHGS). The specific surface area 





Where 𝐴𝑖, Vi and, vi are the area, volume, and volume fraction for the glass material 
in question, and ρc is the density of the composite. The resulting SSA is therefore 
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normalized by the total mass of the composite. To determine the total glass SSA, the SSA 
for HGS and GF are simply summed.  
Empirical analysis of data can provide a tremendous amount of insight into material 
behavior; however, further knowledge can be gained by comparing the empirical data to 
theoretical models. Deviation between the empirical and theoretical can reveal flaws in 
model assumptions, or material behavior that is not captured by the model. The Halpin-
Tsai equations were originally used to describe a discontinuous fiber reinforced composite 
but can be extended to nanorod or nanofiber type systems [91]. This model primarily 
describes the composite modulus through the load transfer from matrix to fiber. Higher 
aspect ratio, and relatively stiffer reinforcement materials perform better in a Halpin-Tsai 
model. Directly applying macroscale models, such as Halpin-Tsai, to a nanocomposite 
inevitably leads to oversight of certain phenomena. The Halpin-Tsai model does not 
account for interaction between reinforcement particles and assumes a perfect interface 
between reinforcement and matrix. These models will be used to better assess, describe, 
and understand the behavior of the synthesized nanocomposites.  
In the Halpin-Tsai model for short fiber reinforced composites, the unidirectional 
elastic modulus in the direction of the fiber (E11) and perpendicular to the fiber axis (E22) 











Where lf and df are the reinforcement phase length and diameter respectively, vf is 
the volume fraction of reinforcement, and Ef and Em are the elastic modulus of the 









The uniaxial aligned fiber reinforced composite properties given by E11 and E22 can 









Classical lamination theory is often used in anisotropic composites to predict load 
distribution throughout the composite thickness, and overall composite properties 
including elastic constants, thermal expansion coefficients, and moisture expansion 
coefficients. Critically lamination theory takes several assumptions: that the laminate is 
substantially thicker than it is wide, that there is perfect interlaminar bonding, that the strain 
distribution in the thickness direction is linear, and that all laminas are homogenous and 
behave linear elastically. Derivation of these extensive system of equations is outlined 
elsewhere [92-94]. When examining a functionally graded SMC composite, classical 
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lamination theory can provide key insights into the composite microstructure. By 
comparing the experimental tensile and flexural properties the efficacy of the processing 
techniques used can be determined.   
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CHAPTER 3. CELLULOSE NANOCRYSTAL REINFORCED 
POLYESTER COMPOSITES 
This chapter was adapted from a publication in Cellulose. 
DiLoreto, Edward, et al. "Freeze dried cellulose nanocrystal reinforced unsaturated 
polyester composites: challenges and potential." Cellulose 26.7 (2019): 4391-4403. 
3.1 Experimental Outline and Sample Nomenclature 
A schematic representation of the various CNC types used in this study and their 
incorporation into the polyester resin outline is shown in Figure 3.1.  CNC had one of three 
surface chemistries: sodium form sulfate half ester (SCNC), nonpolar methyl(triphenyl) 
phosphonium exchanged (PhCNC), or maleic acid ester (MCNC). The functionalized CNC 
are freeze dried and mixed within PR. MEKP was selected over other manufacturer 
recommended initiators because the higher temperatures required for other initiators could 
cause thermal degradation of the CNCs. Because of this alternative cure cycle the base 
properties of the neat PR were expected to vary somewhat from manufacturer reported 
values as their curing agent and time/temperature profile were different. The concentration 
of CNC within the composites was 1wt% for each surface functionalization. Loadings of 
1wt% are common as it is low enough to avoid extreme agglomeration observed at >5wt% 
but can provide significant differences in properties that would not be observable at lower 
wt% [25, 31, 32, 36, 49]. Additionally, for the PhCNC material which showed the most 
promise in screening experiments, a higher concentration of 2wt% CNC was also produced 
and tested to explore the effects of CNC concertation. Samples are referred to by nXCNC 
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where n is the weight fraction, by total resin mixture, of CNC and X refers to the 
functionalization or type of CNC used. Baseline unfilled PR samples are referred to simply 
as PR. 
 
Figure 3.1 Schematic indicating the functionalization, freeze drying and 
incorporation of CNC into polyester resin. CNC were functionalized with either 
polar sulfate ester (blue), SCNC; or nonpolar methyl(triphenyl) phosphonium 
(brown), PhCNC; or maleic acid ester (red), MCNC. 
3.2 Morphology of CNC 
The freeze-dried surface functionalized CNC powders were examined via scanning 
electron microscopy (SEM) and characteristic images are presented in Figure 3.2 and 
Figure 3.3. SCNC, was comprised of ~200 µm agglomerates with little visible porosity 
(Figure 3.2a and Figure 3.3a). PhCNC appeared to form ~1 mm aerogel platelets with 
irregular surface pores 10-50 µm in diameter. These pores may be large enough for resin 
to penetrate; however, mixing action is still necessary to individualize and sperate the 
CNCs, (Figure 3.2b and Figure 3.3b). Finally, MCNC, which was lyophilized from a lower 
solids content suspension, showed a channel like structure with thin walls of CNC films 
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and some fibrillation visible at high magnification. This greater level of visible porosity 
could provide more access for resin to penetrate; however, favorable interactions are still 
necessary to fully draw resin into the structure, and, again, mixing action is necessary to 
disturb the agglomerate and individualize the CNCs, (Figure 3.2 and Figure 3.3 c). It is 
expected that these differences in dry morphology will lead to different dispersion quality 
or structure within the resulting polymer composite [87, 95, 96]. Notably, none of the 
freeze-dried CNC powders were in a nano-disperse state prior to combining with the resin 
and it is not expected that the resin can penetrate within the agglomerates through capillary 
forces alone. The freeze-dried CNC powders were mixed as outlined in Chapter 2 with the 
resin without any further pre-processing. 
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Figure 3.2 SEM micrographs of freeze-dried CNC: a) SCNC, b) PhCNC, c) MCNC. 
The dotted red box indicates the approximate location of the corresponding high 
magnification image of the sample (Figure 3.3) 
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Figure 3.3 High magnification SEM images of freeze-dried CNC: a) SCNC, b) 




   
3.3 Distribution of CNC in Resin 
Optical micrographs of the CNC-PR mixtures are shown in Figure 3.4. Optical 
imaging was done to observe the macroscopic dispersion quality of the CNC in the PR 
matrix. It is evident that a complete nano-scale dispersion of the CNC was not achieved, 
as all samples had agglomerates up to 100 µm (i.e., dark spots and flakes in the images). 
This CNC agglomeration is primarily a result of the inability to break up and subsequently 
disperse the CNC freeze-dried flakes. The consistent size in the largest agglomerates is 
indicative of the limited capability of probe sonication in individualizing the CNCs. The 
three different CNC surface functionalizations had minimal effect on this, which is 
interesting since the functionalization occurred before freeze-drying and should have some 
influence on the eutectic structure formed during freezing and thus the resulting scaffold 
formed after drying [97, 98]. Considering the micron-scale dispersion, the CNC 
agglomerates appear to be uniformly dispersed throughout the sample, and there is little 
influence from the different surface treatments. Because of this, the nano-scale dispersion 
of the CNC was not characterized, as the high degree of CNC agglomerated will dictate 
any mechanism responsible for changes in the mechanical properties (e.g., flaw size, 
critical length).  
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Figure 3.4 Transmitted light micrographs of CNC-PR mixtures (uncured) for: a) PR 
without filler, b) 1SCNC, c) 1MCNC, d) 1PhCNC, e) 2PhCNC, showing the extent of 
CNC agglomeration, and their flake-like morphology. Scale bars 500 μm.  f) 
Photograph of dogbone tensile testing specimens for neat PR, 1SCNC, 1PhCNCC, 




3.4 Degree of Cure, Glass Transition Temperature and Density 
The material properties for neat PR and CNC-PR composites are presented in Table 
3.1. The degree of cure and the Glass Transition Tg temperature were measured using DSC 
and DMA as describe in Chapter 2.3. The density was measured based on water 
displacement as described in Chapter 2.3. The CNC additions had minimal impact on the 
curing behavior and density. All composite samples had a satisfactory percent cure of 
nearly 100%, and a density of 1.23-1.24 g/mL, matching predictions from rule of mixtures. 
The fact that density values are consistent with rule of mixtures predictions, along with 
observations via SEM (Chapter 3.6), indicate that there is little to no porosity or void 
content in the material. Density was measured to validate the approach outlined in Chapter 
1, i.e. substituting portions of the system with a small quantity of stronger material with at 
most equivalent density. The glass transitions of specimens were observed through the 
position of the tan(δ) peak in DMA measurements. No significant differences were 
observed in the Tg temperatures among the various samples including the PR as all values 
were within 1 standard deviation. As a result, it is difficult to conclude on the relative effect 
of CNC addition and CNC surface functionalization on the PR properties. The largest 
difference in Tg ~11.5°C was observed between the 1MCNC the 1SCNC composites. It is 
hypothesized that the shift in the 1MCNC case may be due to a restriction of the polymer 
chains at the CNC interface through chemical covalent crosslinks at the maleic group 
functional site [99, 100]. Any reduction in Tg could be related to residual water contained 
within the freeze-dried CNC. Water would both act to plasticize the polymer chains, and 
could hydrolyze the ester linkages within the polyester chain.  
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Table 3.1 Properties of CNC-PR composites, including degree of cure, Tg, and 
density. 
Composite 






PR 99.5±0.1 156.3±9.0 1.23±0.005 
1SCNC 99.2±0.3 148.5±0.7 1.23±0.003 
1PhCNC 99.5±0.1 152.5±3.5 1.24±0.002 
2PhCNC 98.5±0.3 140.0±10.4 1.24±0.001 
1MCNC 99.2±0.1 160.0±1.0 1.24±0.002 
 
3.5 Tensile and Flexural Properties 
Mechanical properties, tensile and flexural, are shown in Figure 3.5. In general, the 
CNC additions were shown to increase the tensile and flexural modulus and decrease both 
the tensile and flexural strength and strain to failure.  Specifically, there was an increase in 
tensile modulus for 1PhCNC, 2PhCNC, and 1MCNC samples over the 1SCNC and PR 
samples. A maximum increase of ~20% in tensile modulus was observed for 1MCNC over 
the PR baseline. Likewise, flexural modulus increased with CNC additions, with a 
maximum increase of ~50% for 2PhCNC. Arslan et. al. studied polylactic acid-CNC 
composites and attributed the decrease in flexural strength at high loadings the adverse 
effect of CNC aggregates [101]. Overall, the trends in tensile and flexural properties follow 
a similar path, (i.e. PR having the highest average strength, 1SCNC having the lowest 
average strength, and PR having the lowest average modulus).  
The effect of CNC surface chemistry can be assessed by considering that elastic 
modulus in the case of composites containing discontinuous and randomly distributed and 
oriented reinforcements is governed primarily by reinforcement-matrix interactions, and 
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reinforcement aspect ratio, modulus, and volume fraction of the reinforcement [102, 103]. 
Taking the reinforcement phase to be of approximately similar aspect ratio (i.e. the 
agglomerates are of similar size) and volume fraction across all 1 wt% samples, there is no 
significantly different level of reinforcement-matrix interaction as measured by tensile or 
flexural modulus. All the CNC-PR composites had lower tensile and flexural strength as 
compared to PR. Mechanical strength and failure mechanisms are highly complex and can 
be due to multiple factors. The lowered strength in this case is believed to be due in part to 
the limiting strength of CNC-CNC interactions within agglomerates, i.e. the tensile 
strength of the agglomerate was less than the strength of the matrix, and that agglomeration 
of nanoparticles significantly reduces the specific surface area and thereby the level of 
interfacial adhesion between reinforcement and matrix (see fractography section) [104]. 
Kargarzadeh et. al. explored pre-dispersing surface treated freeze-dried CNC in styrene 
prior to composite processing. They reported a 20% increase in tensile strength and a 10% 
increase in tensile modulus at 2 wt% CNC over the neat PR. The key to the increase in 
strength was the fine nano-scale dispersion of the reinforcement phase [25]. Lastly, it 
should be noted that the pre-dispersion of CNC in styrene approach used by Kargarzadeh 
et al, was not used in the current study, as using large volumes of styrene to pre-disperse 
the cellulose is environmentally and occupationally hazardous and contradictory to the 
objective of industrially applicable process development. Based on the data an increase of 
loading from 1 to 2 wt% PhCNC does not seem to have a significant effect on the flexural 
or tensile modulus or strength. Despite the agglomeration of CNC, their addition to PR 
appears to be a promising reinforcement for increasing the modulus of the matrix in glass 
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fiber reinforced plastics, as GFRP strength is primarily driven by GF-matrix interactions 
and GF strength.  
 
Figure 3.5 Tensile and flexural properties of neat PR, and CNC-PR composites for 
the three types of functionalized CNC.  
Further exploration of the effects of CNC surface treatment on mechanical 
properties can be explored by using mechanical models. One common tool for CNC-
polymer nanocomposites is the Halpin-Tsai model. The Halpin-Tsai model was originally 
developed for use in two phase short fiber reinforced composites [102]. Calculations for 
this model was completed and are outlined in Table 3.2. The tabulated values outline a 
“best case” and “worst case” scenario in terms of aspect ratio to provide context for 
agglomeration. The “best case” or idealized dispersed case assumes the CNC are 
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individualized and their aspect ratios are equivalent to the dimensions provided by the 
material supplier, (see section 2.1.2), with a modulus of 110 GPa [105]. The “worst case” 
assumes all material is agglomerated into approximately spherical particles with an aspect 
ratio of 1 and a modulus of 15 GPa [106]. The Halpin-Tsai model provided a good 
prediction for modulus overall. The 1PhCNC composite had a statistically significantly 
different measured modulus than the predicted value. Both 1MCNC and 1PhCNC moduli 
were significantly different than the “worst case” prediction of 1Sphere. Deviation of the 
measured composite modulus from the calculated value could be caused by a variety of 
factors. Primarily, these models do not account for interaction between matrix and 
reinforcement by assuming an idealized reinforcement-matrix interaction. Any changes in 
the stiffness in the interphase could be the result of several effects: orientation of chains 
around CNC, changes in crosslink density, reduction in free volume of chains around CNC 
[21, 107-110]. Further studies (atomic force microscopy, molecular dynamics models, etc.) 
would be necessary to conclusively determine the cause of the differences between the 






Table 3.2 Comparison of elastic modulus as measured by tensile testing to 
mechanical models. 
Sample Ec (GPa) EHT (GPa) 
1SCNC 4.45±0.37 4.52 
1PhCNC 4.99±0.38 4.53 
2PhCNC 5.11±0.82 4.70 
1MCNC 5.32±0.89 4.55 
1Sphere  4.40 
2Sphere  4.45 
Ec: measured composite tensile modulus with 95% confidence interval, EHT: Halpin-Tsai calculated 
modulus, Assumes ECNC=110 GPa, Eagglomerate=15 GPa, EPR=4.36 GPa, Aspect ratio of CNCs are 19, 22, 44, 
and 1 for SCNC, PhCNC, MCNC, and Sphere respectively, CNC density is 1.6 g/cm3.  
To assess possible mechanisms for the reduced tensile and flexural strength of PR 
from the CNC additions the fracture surfaces of the tensile samples (Figure 3.6) were 
examined. For the PR, a flat and smooth fracture plane perpendicular to the direction of 
loading was observed and is indicative of a brittle fracture behavior of polymer materials 
and is expected for the type of PR used in this study. The PR samples show crack initiation 
sites located at the edge of the test specimen (Figure 3.6a), which indicates a homogenous 
material with a defect size smaller than what is at the surface of the test specimen.  In 
contrast, for all CNC-PR composites, crack initiation occurred within the bulk of the test 
specimen at a localized stress concentration point (Figure 3.6f, g, and h).  These crack 
initiation sites are of a similar size-scale to that of the CNC aggregates, (Figure 3.4), 
indicating that the CNC aggregates are causing property limiting defects within the 
composites.  However, the fracture surface away from the initiation point (Figure 3.6 b, c 
and d), appeared to be more textured as compared to the PR, indicating more resistance to 
crack propagation. This suggest that if the larger defects can be removed, and thus increase 
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the CNC-PR interfacial area, it may be possible to increase the strength of PR by CNC 
additions. The effect of CNC surface chemistry was not overwhelmingly apparent, 
however, for SCNC-PR it was easier to see the flake shaped CNC aggregates and interfacial 
delamination to the PR (Figure 3.6 d, Figure 3.7), which were not as apparent for the 
PhCNC and MCNC composites. This may suggest stronger bonding between PhCNC and 
MCNC to the PR as compared to the SCNC.   
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Figure 3.6 SEM micrographs of tensile fracture surfaces for: a,b) neat PR, c,d) 
1SCNC, e,f) 1PhCNC,  and g,h) 1MCNC composites. Images a, c, e, and g, (scale bar 
1 mm), show entire fracture surface, images b, d, f, and h, (dotted red box insets), 
show the corresponding crack initiation sites, (scale bars 200 μm). The dotted red 
box shows the location of the crack initiation point, and the location of the 
corresponding higher magnification images.  The white arrow in (d) indicates 




Figure 3.7 SEM micrograph of tensile fracture surface for 1SCNC, showing CNC 
agglomerate flake (indicated by the arrow) and delamination along the interface 
with the PR matrix. Scale bar 500 μm.     
3.6 Composite Thermomechanical Properties 
To help assess the interaction between CNC agglomerates and the PR matrix, and 
the effect of CNC surface chemistry, DMA analysis was conducted. This technique 
provides an approach to probe the filler-matrix interface and interphase region within the 
system. For the CNC-PR system, the interphase region extends from the CNC-PR interface 
to some depth within the PR, this region would be expected to have different physical 
properties than the bulk PR. The stiffness and volume of this interphase are expected to 
depend on the surface chemistry of the CNC, and the exposed surface area of CNC or 
dispersion quality. It is generally expected that polymer chains located in this interphase 
have a more restricted range of motion resulting in more elastic behaviour as compared to 
the bulk. Furthermore, the temperature dependence of interphase stiffness, which can 
provide further insight to the matrix-filler interaction are probed by DMA. A weaker 
interaction could result in a smaller interphase by volume, or a less stiff interphase, either 
of which would cause a reduction in storage modulus, while strong interactions can 
produce an increase in storage modulus, and higher thermo-mechanical stability (i.e. less 
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change in modulus with temperature). For example, a fully crosslinked and nano-disperse 
filler would be expected to have a high storage modulus and a smaller reduction in storage 
modulus above the Tg, relative to a similar system without any crosslinking. By assessing 
shifts in storage modulus associated with CNC additions, the effect of the CNC surface 
chemistry can be observed [21, 32, 111, 112].   
DMA measurements at 80°C, assessed the glassy storage modulus, in which the 
1MCNC and 1PhCNC showed a 61% and 66% improvement, respectively, in glassy 
storage modulus over the neat PR sample (Figure 3.8). Notably, the 1MCNC and 1PhCNC 
are also shown to have higher glassy storage modulus as compared to 1SCNC. Taking the 
particle dispersion level and the exposed surface area of CNC to be equal across all 
samples, the similar magnitude of the 1MCNC and 1PhCNC glassy modulus indicate that 
the surface chemistries produce a similar effect. With respect to 1MCNC it is possible that 
a more elastic interphase is the result of chemical crosslinking of the polymer matrix 
through the maleic group on the CNC surface. Mechanisms for radical polymerization of 
styrene and maleic acid and crosslinking of CNC have been explored elsewhere [113, 114]. 
As shown previously, the phenyl groups in PhCNCs sterically hinder CNC-CNC 
interactions [36]. It is conceivable that a reduction in CNC-CNC interaction energy 
potential would lead to relatively more CNC-matrix interfacial area. Assuming the 
PhCNC-matrix interactions are favorable for stiffening the interphase, this phenomenon 
could result in a larger interphase volume relative to an SCNC case and as a result a higher 
storage modulus. Note that the CNC agglomeration in this study reduces the effective 
volume of the interphase region and is expected to result in a smaller effect on the storage 
modulus, as compared to a fully nano-scale CNC dispersed within the PR system.  
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Interestingly, the glassy modulus of the 2PhCNC is 32% lower than that of 
1PhCNC, while the tensile and flexural moduli are consistent between the two samples. 
The difference in length scales of the techniques may be the source of an explanation. DMA 
probes the filler-matrix interface within the system, while tensile and flexural testing 
examine the bulk. DMA is a more sensitive technique than tensile and flexural testing, 
allowing for differences to be significant in the former but not the latter. Furthermore, the 
temperature at which the glassy modulus is given, 80°C, is elevated to the flexural and 
tensile testing, which were conducted in ambient conditions. 
DMA measurements taken in the rubbery plateau region, assessed the rubbery 
storage modulus, and revealed somewhat similar results, in which the 1MCNC and 
1PhCNC showed the greatest increase in storage modulus, 65% and 48%, respectively, 
over the PR baseline. Here MCNC appears to provide a moderately more effective 
reinforcement as compared to the PhCNC. One explanation for this effect is that the 




Figure 3.8 Storage moduli of CNC-PR composites in the glassy (at 80°C) and 
rubbery states (at 180°C).  
3.7 Conclusion 
The effect of surface functionalized of cellulose nanocrystals: sulfate ester (SCNC), 
methyl(triphenyl) phosphonium (PhCNC), and maleic acid ester (MCNC), on freeze-
drying CNC agglomerate morphology, and the resulting properties of unsaturated polyester 
(PR)-CNC composites was studied.  The addition of freeze-dried CNC powders into PR, 
resulting in micron-sized CNC agglomerates, were shown to enhance the flexural and 
tensile modulus by up to 50% and 20%, respectively, but decreased the tensile strength by 
up to 40%. The 1PhCNC-PR and 1MCNC-PR composites showed a 66% and 61% increase 
in glassy modulus and a 65% and 48% increase in rubbery modulus over the PR baseline, 
respectively. Additionally, the glass transition increased by 4.5°C and 12°C for 1PhCNC 
and 1MCNC over 1SCNC, respectively. Overall, PhCNC and MCNC displayed potential 
for use in polyester resin composites, proving to be effective reinforcements even at low 
concentrations. 
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While ideal nano-scale dispersions of CNC in PR were not achieved, the results in 
this work reflect potential in the use of functionalized CNC agglomerates as an additive in 
PR systems to produce composites with high moduli and good thermo-mechanical stability 
without dramatically affecting overall cure performance. They also serve to outline a 
processing pathway for CNC-PR composites while identifying key challenges along said 
pathway that must be addressed in any work involving the use of CNC as a nanofiller, such 
as the redispersion of freeze-dried CNCs in PR resins. 
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CHAPTER 4. LIGHTWEIGHT POLYESTER COMPOSITES VIA 
NANOREINFORCED SYNTACTIC FOAMS 
As discussed in Chapter 1, syntactic foams are a readily available method for light 
weighting composites. Many works have already explored the use of HGS, cenospheres, 
and other hollow particles in a wide range of matrices from polymers to metals. Recent 
studies have also explored the use of nanomaterials in the matrix phase including clays, 
nanotubes, and nanofibers and the effects on the syntactic foam composite mechanical and 
structural properties. The study outlined here aims to accomplish three main goals: first, to 
determine what, if any interaction there is between CNC mixed in a PR matrix and HGS, 
second, to identify interaction effects between HGS loading and HGS surface treatment for 
the system used here, and finally to investigate the effect of coating HGS with CNC on 
bulk composite properties.  
4.1 Experimental Outline and Sample Nomenclature 
A schematic representation of the various composite samples examined in this 
study is outlined in Table 4.1 and Figure 4.1. Four different cases of HGS were used: (i) 
HGS without any surface treatment, (ii) HGS treated with methacryloxypropyl 
trimethoxysilane (MS), (iii) HGS treated with MS and coated with CNC with sodium 
counterion (NaCNC), and (iv) HGS treated with MS and coated with CNC with 
methyl(triphenyl) phosphonium counterion (PhCNC). All HGS used in this study had a 
density of 0.32 g/cm3 and were either S32HS or S32HS-MAS as described in Chapter 2. 
Different HGS are referred to as follows: HS for untreated HGS, HSMS for MS treated 
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HGS, HSMSNaCNC for MS and NaCNC coated HGS, and HSMSPhCNC for MS and 
PhCNC coated HGS. NaCNC were selected due to it being one of the most common surface 
chemistries for commercially available CNC. PhCNC were selected on the basis of 
previous studies on coating GF with CNC which indicated that PhCNC provided improved 
interfacial shear strength over NaCNC coatings [33, 115]. Details on CNC types used, and 
processing of CNC is outlined in Chapter 2.  









Neat Resin 0 0  
1NaCNC 1 0  
5NaCNC 5 0  
15HS 0 15 Glass 
30HS 0 30 Glass 
15HSMS 0 15 MS 
30HSMS 0 30 MS 
15HS-1NaCNC 1 15 Glass 
15HS-5NaCNC 5 15 Glass 
15HSMSNaCNC 0 15 MS, NaCNC 
15HSMSPhCNC 0 15 MS, PhCNC 
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Figure 4.1 Schematic overview of samples used in this study. Primary axes of study 
were HGS content, CNC content, and HGS surface modification. 
This study aimed to examine three main effects as measured by various techniques: 
is there any interaction between HGS and bulk mixed CNC, is there any interaction 
between HGS loading and HGS surface treatment, and what are the effects of coating HGS 
with CNC. For the sake of ease of discussion, the samples in this study are broken down 
into three subsets: the first subset explores interactions between CNC in the matrix and 
HGS in the matrix (i.e. HGS-CNC-PR composites), the second subset explores interactions 
between HGS content and HGS surface treatment with MS, and the third subset explores 
the effects of coating HGS with CNC (i.e. CNC coated HGS-PR composites). Methods for 
surface coating of HGS by CNC and composite compounding are outlined in Chapter 2.  
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4.2 Characterization of Surface Modified Hollow Glass Spheres 
To determine if CNC were successfully coated on the HGS surface various tests 
were conducted. XPS analysis was conducted on each of the four types of HGS (Figure 
4.2). The control HGS sample shows some carbon present on the surface near 285 eV. This 
is likely adventitious carbon but may also be due to a proprietary post treatment of the HGS 
by the manufacturer. Silane treated HGS presented an increase in intensity in the 285, 286, 
and 288 eV, indicating the presence of C-C, C-O, and C=O respectively. These signals 
reflect the stoichiometric composition of the silane (~5:1:1 for C-C:C-O:C=O) [116, 117]. 
Samples coated with CNC displayed nearly overlapping XPS signals in this range. With 
the addition of CNC there was a relative increase in C-O intensity as compared to C-C and 
C=O bonding, again as expected by the stoichiometry of the cellulose monomer (i.e. 
~100% C-O) [118].  
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Figure 4.2 XPS scan of C1s for various surface modifiecations of hollow glass 
spheres. 
Thermogravimetric analysis was also used to determine the weight content of any 
material coated on the HGS particles Figure 4.3. The weight residue for HS, HSMS, 
HSMSNaCNC, and HSMSPhCNC samples were 100, 99.2, 98.7, and 95.6 wt% 
respectively. The base HS displayed nearly no mass loss in this temperature range as would 
be expected from a borosilicate soda lime glass material. The silane treatment reduces the 
residue content slightly, and the CNC coated samples reduce it further. Interestingly the 
PhCNC coated sample displayed significantly lower residual mass relative to the NaCNC 
coated samples. This could be an indication of an increased amount of CNC on the surface 
of HSMSPhCNC samples, or a relatively lower thermal stability of PhCNC than NaCNC. 
The initial study that presented PhCNC indicated a char yield of 12 % for PhCNC and 22 






















presence of less thermally stable material and provide further evidence of surface coating 
with CNC. 
 
Figure 4.3 TGA data for various surface modification conditions of hollow glass 
spheres. 
To examine the topographical structure of any surface treatment on the HGS, SEM 
imaging was conducted, (Figure 4.4 and Figure 4.5). The baseline untreated HGS, (Figure 
4.4a and b), have relatively smooth surfaces with only small amounts of electrostatically 
attached dust. HGS treated with the MS, (Figure 4.4c, and d), had a slightly roughened 
appearance, likely due to surface inhomogeneities caused by the MS. The silane treated 
sample also displayed some agglomerated particles. Samples which were coated with CNC 
show film like structures on the surface (Figure 4.5). Additionally, the CNC surface coated 


























minimal number of broken HGS indicating that the surface modification processing did 
not damage the spheres material substantially.  
Although the results outlined herein do not conclusively indicate whether the CNC 
were covalently bonded to the HGS surface there are several qualitative factors that 
strongly indicate the presence of CNC-HGS bonding. Initial studies which involved simple 
mixing of CNC and HGS followed by a DIW rinsing step resulted in no observable CNC 
present on the HGS surface. Considering the hydrophilicity of CNC particles, if there were 
any CNC not covalently bonded to the HGS surface, they would be expected to go into 
suspension in the DIW. Further work is needed to conclusively determine the chemical 
nature of the CNC-HGS interactions.  
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Figure 4.4 Electron microscope images of HS (a, b) and HSMS (c, d). Scale bars are 
100 and 10 µm for low and high magnification, respectively. 
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Figure 4.5 Electron microscope images of HSMSNaCNC (a, b) and HSMSPhCNC 
(c, d). Scale bars are 100 and 10 µm for low and high magnification, respectively. 
4.3 Composite Mechanical Properties 
The tensile properties of composites, containing HGS, CNC (either as a coating or 
a reinforcement in the matrix), and PR, were examined to investigate the effect of different 
fillers and different filler surface treatments on the composite. In multi-phase composite 
structures the tensile modulus is determined by several factors: the elastic modulus of each 
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constituent phase, the ability for load to be transferred from one phase to the next, the 
aspect ratio of each phase, and finally surface chemistry and structure of the constituent 
materials (i.e. interphase effects).  
It should also be restated that the base matrix material and formulation is different 
from that in Chapter 3. As a result of the change, the properties of the control PR are 
different and in the case of tensile strength and elastic modulus are lower. In brief: the 
decision to change the resin and formulation was a result of the desire to select a material 
that was more directly relevant to the SMC process and was readily available to the 
researchers. 
Various studies have examined both the PR-CNC and PR-HGS system and 
discussed them thoroughly; however, to the author’s knowledge no studies have explored 
interaction effects between CNC and HGS [21, 24-26, 29, 31, 46, 119-121]. As in Chapter 
3, the CNC are expected to be agglomerated and poorly dispersed within the resin matrix. 
The first set of samples of interest are those which combine CNC in the matrix with HGS 
in the matrix (HS, NaCNC, and HS-NaCNC samples). No treatments were applied to HGS 
in this subset. The tensile modulus and strength of these samples are shown in Figure 4.6. 
The addition of spray dried CNC (1NaCNC, and 5NaCNC) did not significantly (95% 
confidence level) decrease the tensile strength relative to the base polyester. For these 
samples, the elastic modulus was observed to significantly increase upon addition of 5 wt% 
CNC but not 1 wt% CNC. The addition of 15 vol% HGS did not significantly decrease the 
tensile strength but did significantly increase tensile modulus. Maintaining tensile strength 
indicates that the dispersion of the HGS did not detrimentally affect the strength (i.e. 
uniform dispersion). The increase in tensile modulus is consistent with previous studies 
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based on the S32HS wall thickness and density [122]. The HGS-NaCNC-PR composite 
samples did not show any interaction effect with respect to tensile strength or elastic 
modulus as determined by a multiple linear regression analysis, (i.e. the regression 
coefficient was not significantly different from zero at a 95% confidence level). The tensile 
strength for both 15HS-1NaCNC and 15HS-5NaCNC was significantly lower than the neat 
resin sample (20.8, 22.8, and 27.2 MPa respectively). This could possibly be caused by 
agglomeration of HGS, as the addition of NaCNC into the resin increases the viscosity and 
could limit the dispersion quality of the HGS during mixing. Agglomerations would cause 
stress concentrations that could decrease strength of the composite. Entrapped voids or dry 
spots within agglomerated particles would also significantly reduce strength. Overall, there 
was no significant interaction effects observed between HGS and NaCNC. The combined 
use of spray dried CNC and HGS can produce a low-density composite with an increase in 
elastic modulus of more than 20%. When considering the mechanical properties in 
conjunction with the density of the composite, the benefits of syntactic foams become clear 
Figure 4.9. 15HS-1NaCNC and 15HS-5NaCNC show an increase in specific tensile 
modulus of 70% and 25% over their respective CNC-PR composites, with approximately 
equivalent specific tensile strengths.  
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Figure 4.6 Tensile strength (solid bars) and elastic modulus (patterned bars) as a 
function of spray dried NaCNC as a reinforcement phase and HGS in PR. 
The second subset of samples was selected to elaborate on any interaction effect 
between the HGS vol fraction and the HGS surface treatment (Figure 4.7). In every case 
the addition of HGS decreased the average tensile strength of the composite. 15HSMS 
displayed lower average tensile strength than 15HS, 18 MPa vs 24 MPa (statistically 
significant at 95% confidence level), this could potentially be due to agglomerated silane 
treated HGS. The average tensile modulus of 15HSMS was higher than 15HS, 1.7 GPa vs 
1.5 GPa, though not to a statistically significant level. Both samples containing 30 vol% 
HGS had similar tensile strengths. The reduced tensile strength in each case is likely due 
to porosity within the samples (see Section 4.4 Composite Morphology). The similar 
tensile strength and observations of entrapped porosity indicate similar failure 
mechanisms. The specific tensile modulus is increased by 38% and 16% for HS and HSMS 
composites, respectively, upon increasing the HGS content from 15 vol% to 30 vol%. The 
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specific tensile strength is reduced by 39% and 26% for HS and HSMS composites 
respectively. Although the addition of more HGS has the potential to increase the HGS-PR 
composite stiffness and specific stiffness the significant reduction in tensile strength was a 
decisive factor to keep the HGS content to 15 vol% as the benchmark for further testing of 
surface treated HGS-PR composites. The specific tensile properties for these composites 
could be improved by further optimization of the process method to eliminate defects 
including agglomerates and voids; however, such a process optimization study is outside 
the scope of this work.  
 
Figure 4.7 Tensile strength (solid bars) and elastic modulus (patterned bars) for 
Neat Resin and HGS-PR composites as a function of HGS content (vol%) and 
surface treatment. 
The third subset of samples is centered around exploring the effect of various 
surface treatments, (silane, NaCNC, PhCNC), on composite tensile strength and elastic 
modulus (Figure 4.8). As in the previous sample subset, the addition of HGS decreased the 
HGS-PR composite tensile strength in every case. Surface modification of HGS with 
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PhCNC (15HSMSPhCNC) did somewhat reduce tensile strength as compared to the 
15HSMS case (15 MPa vs 18 MPa). Reduction in tensile strength could be caused by a 
variety of factors, but when taking the context of the processing route, the most likely 
source is either further agglomeration of HGS or an increase in the number of fractured 
HGS. Tensile modulus measurements showed no significant differences between HGS 
surface treatments. Only 15HSMS displayed a statistically significant higher modulus from 
the baseline resin, (1.7 vs 1.2 GPa).  
 
Figure 4.8 Tensile strength (solid bars) and elastic modulus (patterned bars) for 
HGS-PR composites with various HGS surface treatments. 
Specific mechanical properties are outlined in Figure 4.9. The specific mechanical 
properties help highlight the benefits of syntactic foam composites over traditional 
composites or nanocomposites. The reduction in density achieved from adding in the low 
density HGS can significantly enhance the specific mechanical properties, especially 
specific tensile modulus.  
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Figure 4.9 Specific tensile strength and specific tensile modulus for samples in this 
study. Error bars are 1 standard deviation.  
Although tensile testing is a useful tool for determining bulk mechanical properties, 
the precision of the test is low relative to other techniques such as DMA. Further analysis 
can shed light on the subtleties of HGS-PR interactions and changes thereof by surface 
modification with CNC. 
4.4 Composite Morphology 
Scanning electron microscopy (SEM) was conducted on tensile fracture surfaces to 
explore relationships between the composite microstructure, properties, and processing. 
Interpretation of the composite fracture surface, along with other supporting techniques 
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interactions, as well as general material features including particle agglomeration and 
porosity.  
In examining the first subset of samples the agglomeration of NaCNC spray dried 
particles within the PR is immediately evident, Figure 4.10 and Figure 4.11. Within 
1NaCNC and 5NaCNC samples the spray dried CNC particles are readily visible within 
the PR in a form almost identical to that of the raw material, indicating that the sonication 
mixing had minimal effect on disrupting the spray dried aggregate structure. Similar 
particles were also observed in 15HS-1NaCNC and 15HS-5NaCNC composite samples. 
Failure points were clearly identified in samples containing HGS as either being areas with 
a high local density of HGS, porosity near the surface, or both (Figure 4.12 and Figure 
4.13). With respect to HGS-PR interactions, the addition of spray dried NaCNC to the PR 
had no effect as observed by SEM, corroborating other methods which showed no 
interaction between spray dried NaCNC and HGS (tensile, DMA, water uptake). The 
untreated HGS seemed to debond from the matrix cleanly (i.e. a smooth cavity was 
produced from HGS pullout), indicating a low interfacial energy between HGS and PR. 
Tensile results corroborate these results as the tensile strength and modulus is within 
statistical error across 15HS, 15HS-1NaCNC, and 15HS-5NaCNC samples. 
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Figure 4.10 SEM images of the Neat Resin fracture surfaces. Scale bars are 100 and 
10 µm for the low and high magnification images, respectively. 
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Figure 4.11 SEM images of the 1NaCNC and 5NaCNC fracture surfaces. Scale bars 




Figure 4.12 SEM images of the 15HS-1NaCNC and 15HS-5NaCNC fracture 





Figure 4.13 SEM images of the 15HS and 30HS fracture surfaces. Scale bars are 100 




Figure 4.14 SEM images of the 15HSMS and 30HSMS fracture surfaces. Scale bars 




Figure 4.15 SEM images of the 15HSMSNaCNC and 15HSMSPhCNC fracture 
surfaces. Scale bars are 100 and 10 µm for the low and high magnification images, 
respectively.  
 
Within the second subset of samples, the localized accumulation of HGS and 
porosity are more pronounced in the 30 vol% HGS samples as anticipated from tensile 
testing results, (Figure 4.13 and Figure 4.14). Pores ~100s of µm in diameter were observed 
and showed clear signs of being the fracture initiation point. Surface treatment of the HGS 
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with MS also resulted in distinct differences in the HGS pullout cavity morphology. 
15HSMS and 30HSMS samples showed noticeably rougher HGS pullout cavities than 
15HS and 30HS samples, indicating a higher energy interaction between HGS and PR. The 
effect of surface treatment on pullout features has been reported in other studies to be 
related to interfacial shear strength, (i.e. a rougher pullout surface indicated a relatively 
higher interfacial shear strength)  [9, 10]. 
SEM images of the final subset of samples clearly supports the findings of other 
characterization techniques (Figure 4.15). CNC coated HGS-PR composite samples, 
15HSMSNaCNC and 15HSMSPhCNC, display highly textured HGS pullout surfaces. 
Other studies involving GF, CNC, and epoxy matrices have shown that after adding CNC 
into the polymer matrix, the elastic modulus of the material increased, and an increase in 
roughness of the fiber pullout cavity was also observed. These results indicated that 
samples containing CNC had higher fiber-matrix adhesion [9, 10]. Overall, these 
observations are in good agreement with other experimental techniques used in this study 
and indicate the beneficial effect that CNC treatment has on HGS-PR interactions. 
4.5 Composite Thermomechanical Properties 
Dynamic mechanical analysis (DMA) was conducted to determine the composite 
materials’ performance as a function of temperature. Methods for DMA are outlined in 
Section 2.3. DMA also provides insight into the relaxation behavior of polymer chains in 
the composite and can be significantly influenced in situations where there is a large 
volume of interphase between a filler and matrix (i.e. nanocomposites and 
microcomposites). The glassy plateau in storage modulus (E’) was not observed due to a 
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lack of a cooling unit in the available testing equipment. Furthermore, at high temperatures 
the loss modulus decreased to nearly zero. This is believed to be due in part to thermal 
decomposition of the composite based on observations of discoloration in composites after 
testing and mass loss of specimens after testing. A note on the Neat Resin prior to 
discussion of composite samples: along with the primary glass transition or Tg there is a 
secondary, beta transition observed in the loss tangent curve centered near ~70°C (Tβ). 
Beta transitions are usually associated with transitions relating to the localized polymer 
chain or side groups. It’s presence here could be indicative of differing relaxation behavior 
for the main polyester backbone and the interconnecting polystyrene chains [123]. For the 
sake of discussion, the rubber modulus is taken at 50°C (E’g), the glassy modulus at 200°C 
(E’r), the glass transition (Tg) as the maximum in the loss tangent, and the maximum of 
tan(δ) at that transition (Iα). Data is averaged over 3 sample runs. 
The first subset of samples which explore any interaction effect between spray dried 
NaCNC and HGS in the PR matrix are discussed here. Examining the results of the first 
subset: there is little difference between the E’g of the Neat Resin, 1NaCNC, and 15HS 
samples (Figure 4.16). The 5NaCNC sample is incrementally higher followed by a step 
increase to 15HS-1NaCNC and 15HS-5NaCNC. This trend matches, for the most part, the 
results of the elastic modulus as measured by tensile testing. The main difference being 
that 15HS is more comparable in modulus to the Neat Resin by DMA than by tensile 
testing. At elevated temperatures above Tg the difference in E’ of the samples are more 
noticeable. Samples containing HGS, (15HS, 15HS-1NaCNC, 15HS-5NaCNC), display 
higher E’r than those without. These effects are easily explained through Halpin-Tsai like 
concepts on mixtures of materials with differing stiffness. Similar results with respect to 
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CNC-PR composites have been observed in other works [21, 24, 29]. The Tg increased 
from 128.8°C in the Neat Resin to a maximum of 135.9°C in 15HS-1NaCNC. Glass 
transition shifts are often explained via changes in the mobility of polymer chains. In this 
case it is possible that, although a majority of the NaCNC is agglomerated, some amount 
of the NaCNC is nanodisperse in the resin at this concentration and is reducing the polymer 
free volume. Furthermore, the addition of HGS acts to generally increase the composite 
rigidity and reduce polymer chain motion. Along with the increase in Tg all samples 
showed varying degrees of suppression of the beta transition shoulder. Suppression of this 
shoulder is likely the result of HGS and/or CNC restricting polystyrene side chains in the 
network.  
 
Figure 4.16 Effect of CNC content (wt%) on the elastic modulus and tan(δ) of PR, 
CNC-PR, HGS-PR, and HGS-CNC-PR composites. 
The second subset of samples, which aim to explore the interaction between HGS 
surface treatment and HGS content (vol%), in order of increasing average E’g were: Neat 
Resin, 15HS, 15HSMS, 30HSMS, and 30HS (Figure 4.17). This trend is somewhat similar 
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to that observed during tensile testing in that 30HS had both the highest average elastic 
modulus and E’r. Both 15HS and 15HSMS E’g were deemed not statistically significantly 
different from the Neat Resin sample. At elevated temperature, the E’r of samples stratified 
into three distinct tiers: Neat resin, 15HS and 15HSMS, and 30HS and 30HSMS. Among 
this sample subset the trend seems to indicate that the primary factor driving E’r is the HGS 
content. This observation follows with the understanding of each constituent materials 
performance at elevated temperatures. Glass, having a significantly higher service 
temperature than PR, would be expected to improve the high temperature stiffness for 
polymer matrix composites. The Tg of composites was generally increased by further 
increase of HGS. The MS surface treatment also led to an increase in Tg over untreated 
samples. Higher HGS loadings also led to a suppression of the beta transition. Higher 
amounts of HGS material would likely result in further restriction of chain motion and an 
increase in the activation energy for the transition. The Iα increased with higher HGS 
content. The Iα is often associated with the interphase volume and subsequently the 
dispersion quality of the fillers. Therefore, the increase in Iα in 30 vol% samples over 15 
vol% samples is indicative of possible particle agglomeration. These results show the 
customizability of syntactic foam composites to specific application requirements. Strong 
consideration should be taken for surface treatment of the HGS for enhanced bonding as 
has also been revealed in other studies [65, 66].  
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Figure 4.17 Effect of HGS surface treatment and loading on storage modulus and 
tan(δ) of PR and HGS-PR composites. 
The final subset of samples provided interesting insights into the HGS-PR 
interphase and the effects of various surface treatments on composite behavior (Figure 
4.18). In order of increasing E’g were: Neat Resin, 15HS, 15HSMS, 15HSMSNaCNC, and 
15HSMSPhCNC. As stated earlier, DMA can provide a more sensitive analysis in the 
linear elastic strain range than tensile testing. At elevated temperatures the samples, in 
order of increasing E’r were: Neat Resin, 15HS, 15HSMS, 15HSMSNaCNC, 
15HSMSPhCNC. Interestingly, the 15HSMSPhCNC displayed a statistically significantly 
higher E’r than 15HSMS (59.7 MPa vs 45.2 MPa), suggesting that CNC surface coated 
HGS can outperform covalent crosslinking from the MS treated HGS at elevated 
temperatures. The similarity between HGS surface treatments in this respect indicates 
similar effects on polymer chain vibration activation energies. The beta transition observed 
in the Neat Resin appears to be suppressed somewhat by the addition of the HGS, and 
further by CNC coated HGS. As mentioned before, this phenomenon is likely related to 
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restriction of smaller vibrational modes in the polymer network. A highly textured particle, 
such as the CNC coated HGS, could disrupt the styrene linkages within the matrix and 
increase the Tβ. The Iα is lowest in 15HSMSNaCNC samples indicating an increase in the 
interphase volume relative to other HGS samples. A larger interphase volume could be 
caused by different degrees of interaction effects between the NaCNC-PR and PhCNC-PR 
interfaces; however, considering the tensile strength data the likely cause of this difference 
is agglomeration of PhCNC coated HGS.   
 
Figure 4.18 Effect of HGS surface treatment on storage modulus and tan(δ) of PR, 
and HGS-PR composites. 
Considered as a whole, the treatment of HGS with CNC produces new effects on 
the HGS-PR composite behavior that are not observed in HGS-CNC-PR composites, 
(when CNC is dispersed in the PR resin), including increased E’r and a reduction of the Tβ 
shoulder. DMA also revealed that PhCNC coated HGS-PR composites at a statistically 
significantly higher storage modulus than the MS treated HGS-PR composite at high 
temperature and untreated HGS at lower temperatures. The DMA results outlined here also 
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provide a higher resolution of analysis than was observed via tensile modulus testing, and 
a more wholistic impression than provided by SEM analysis. These DMA results are also 
generally consistent with the results outlined in previous sections: spray dried NaCNC do 
not have an interaction effect with HGS, higher levels of HGS loading lead to an increase 
in stiffness, and surface treatment of HGS with CNC has some effect on HGS-PR 
interactions.  
4.6 Composite Environmental Stability 
The environmental stability of the composites was also explored using water uptake 
analysis following the protocol outlined in Section 2.3. Water uptake data is comprised of 
two primary parameters: apparent diffusivity (Da), and maximum water uptake (Wmax). The 
diffusivity value, taken to be the slope of the initial linear region of the mass uptake vs 
time1/2 plot, is dependent on multiple factors including temperature, pressure or 
concentration gradients, porosity, and the activation energy for diffusion (e.g. how readily 
water interacts with components of the material). The Wmax, taken to be the maximum of 
the mass gain measurements, can be considered to be related to the balance of the chemical 
potential for water in the composite, and the increased mechanical stress applied for each 
unit of water absorbed [124]. 
Increases in the maximum water uptake value would indicate a composite that 
would undergo a higher degree of swelling, a higher degree of strain, and subsequently a 
higher degree of stresses on the composite. Such stresses have often been determined to be 
detrimental to polymer matrix composite mechanical performance and so should be 
minimized [125, 126].  
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The water uptake behavior of the first subset of samples is outlined in Figure 4.19. 
Under these environmental conditions for the Neat Resin sample the linear region which is 
characteristic of the Da is brief, completing within 1-2 days of initial submersion. The Wmax 
for the Neat Resin is the lowest for all samples studied at 3.3 wt%. This value is within the 
range that has been reported in similar studies [127-131]. The NaCNC-PR composites 
displayed higher Wmax and Da than the Neat Resin. Considering that most of the CNC 
particles are likely still agglomerated, this result agrees with results of other studies that 
have examined water uptake of cellulose-polymer composites. The NaCNC agglomerates 
could provide sites for water to enter and swell the particles that are more readily available 
and thermodynamically advantageous. The HGS-PR composite, 15HS, displayed a 
substantially higher maximum water uptake over the base resin (9.0 wt% vs 3.3 wt%) and 
a much clearer linear region. The addition of the high surface area glass particles is the 
likely source of this dramatic increase. Syntactic foams have been shown to significantly 
increase the water uptake behavior as compared to the base polymer matrix [132-134]. 
Glass, being significantly more hydrophilic than PR, has been shown to increase the Da 
and Wmax for PR composites. Adding CNC into the matrix of the HGS-PR composite had 
a small but noticeable effect on the water uptake behavior. In the case of 15HS-1NaCNC, 
the Da increased somewhat but the Wmax is still within error of the 15HS sample. The 
addition of 5 wt% NaCNC (15HS-5NaCNC) both increased the Da and the Wmax. These 
results seem to indicate that the presence of the HGS is the dominant driving force in the 
water uptake behavior for HGS-PR composites.  
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Figure 4.19 Water uptake for Neat Resin, CNC-PR, HGS-PR, and HGS-CNC-PR 
composites. 
The second subset of samples further reinforces some of the concepts observed 
within the first subset (Figure 4.20). Primarily that the high surface area HGS are a 
dominant driver in HGS-PR composite water uptake behavior. In both the MS treated and 
untreated HGS case, the presence of more HGS increases the Wmax. However, the MS 
silane treatment does significantly reduce the Wmax between samples with similar HGS 
content: 31% and 36% for 15 vol% and 30 vol% respectively. As discussed earlier, the 
Wmax is, in part, related to the propensity of the material to swell and accept new water 
molecules. If the MS treatment of HGS induces crosslinking between the HGS and matrix, 
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as other data in this study and studies elsewhere have suggested, then the polymer 
immediately surrounding the HGS particles would be more constrained and unable to swell 
to accept as many water molecules. Interestingly, the Da is similar among samples with the 
same content of HGS. This would seem to indicate that the kinetics of water absorption are 
at least energetically similar (e.g. similar activation energies). Other studies have also 
found that silane treatment reduces the maximum water uptake by as much as 20% in HGS-
epoxy composites with 40 vol% of 60 µm diameter HGS, but also does not significantly 
change the Da in the initial region of the water uptake regime. They attribute these 
differences to the hydrophobic coating formed by the silane around the HGS, thereby 
limiting the primary vector for water ingress into the composite [134]. 
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Figure 4.20 Water uptake for Neat Resin and HGS-PR composites with different 
HGS loading levels and HGS treated with MS. 
The final subset of samples examined the effect of treating HGS with CNC on water 
uptake behavior (Figure 4.21). The addition of a CNC layer onto the HGS prior to 
compounding with PR significantly reduced Wmax and Da beyond what was observed even 
in the 15HSMS case and nearly to a level comparable with 5NaCNC. The water uptake 
curves for 15HSMSNaCNC and 15HSMSPhCNC composites displayed a nearly colinear 
Da in the initial region but separated somewhat in the plateau. The Wmax for 
15HSMSNaCNC and 15HSMSPhCNC composites was 4.4 wt% and 5.1 wt% respectively, 
averaged over 3 samples. In the initial study of ion exchanged PhCNC, the material 
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displayed improved moisture resistance as compared to the sodium form [36]. The Wmax 
result is therefore at first perplexing; however, when considering other results from this 
study, the likely source of this difference is an increased degree of agglomeration in the 
PhCNC coated HGS. The over 50% reduction in Wmax and significant reduction in Da for 
CNC coated HGS-PR composites could be connected to the water uptake behavior of 
nanoparticle thin films. Nanoparticles have been found to reduce the permeability of 
materials when introduced in a nanodisperse state or as tightly packed thin film coatings. 
The source of this improved barrier behavior is attributed to the increased tortuosity that 
many, high aspect ratio particles produce. Furthermore, cellulose films have been shown 
to have a higher water contact angle than glass, indicating that although both materials 
would be considered hydrophilic, glass has a higher chemical potential for interaction with 
water [135]. In the case of this study, the CNC are acting as a barrier layer and decreasing 
the availability of the relatively hydrophilic HGS particles. This finding provides a 
tremendous opportunity for enhancement in syntactic foams utilized in underwater 
environments or in environments with sustained humidity.  
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Figure 4.21 Water uptake for Neat Resin and HGS-PR composites with various 
HGS surface treatments. 
4.7 Conclusions 
The results outlined here provide a framework development and processing of 3 
phase syntactic foams comprised of polyester resin, hollow glass spheres, and cellulose 
nanocrystals. The resulting properties of these composites were examined. The addition of 
spray dried CNC into the PR matrix did not have any significant interaction effects with 
HGS as observed by the methods used here. Based on the processing methods used here, 
the presence of HGS at a level of 30 vol% significantly reduced, by as much as 50%, the 
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tensile strength when compared to similar materials with 15 vol% HGS. Coating HGS with 
did not significantly increase the elastic modulus as measured by tensile testing but did 
increase the storage modulus both at low temperatures above the base HGS and, at elevated 
temperatures beyond that of the MS treated HGS composites. Furthermore, coating the 
HGS with CNC significantly reduced the maximum water uptake and rate of water 
absorption as compared to samples with untreated HGS or MS treated HGS. The results 
indicate that CNC coatings on HGS can lead to stronger HGS-matrix interactions. The 
CNC coating could be influencing mechanical properties through several mechanisms 
including interpenetration of the resin into the CNC coating increasing the toughness of 
the interphase and increasing HGS-PR debonding resistance [33]. The reduced water 
absorbance behavior could be explained by an increase in the tortuosity of the HGS-PR 
interphase by the CNC coating and by the relatively lower surface energy between CNC 
and water as compared to that of glass and water [136, 137]. 
Overall, coating HGS with CNC proved to be an effective means for tuning the 
HGS surface and modifying the bulk properties of the composite. These results provide a 
roadmap for further studies on modification of HGS with other nano or micromaterials. 
Regarding the overall thesis these results show the potential for this method to be used as 
a technique for reducing the density of PR based composites and increasing specific 
modulus of the composite.    
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CHAPTER 5. UNDERSTANDING DENSITY-STRENGTH 
TRADEOFFS IN SYNATCIC FOAM SMC 
The final aspect of this thesis examines functionally graded composites and provides 
an initial study into the realm of nanoreinforced syntactic foam SMC. SMC composites are 
generally comprised of a single formulation. Within the formulation there are various 
fillers, a binding polymer phase, and the reinforcement phase-usually glass fibers. The 
development of techniques for lightweighting SMC composites is of interest. Furthermore, 
a reduction in density should not come at the cost of other critical material properties 
(specific strength, specific modulus, environmental stability, etc.). The addition of HGS 
into SMC formulations has been proven to reduce the density of the composite, but at the 
cost of lower quality surface finish. In some applications, (e.g. external auto body panels), 
a smooth finish and good aesthetic quality are of high importance to the customer, and any 
defects are carefully avoided. To overcome this issue, it is possible to stack the SMC sheets 
such that the outer layers are traditional SMC composition, while the interior consists of 
syntactic foam-SMC. The study detailed here aims to investigate the consequences on 
material properties of these lightweighting approaches and provide a blueprint for more 
expedient design and development of such functionally graded materials. 
5.1 Experimental Outline and Sample Nomenclature 
This study examined five composite compositions. A schematic representation of the 
composites is outlined in Figure 5.1. A standard density formulation (S) was produced to 
provide a baseline comparison to a material of similar composition and density to 
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commercially available SMC. The S formulation uses low cost CaCO3 as a filler and no 
HGS. The mid density formulation (M) was selected as it is comparable to current state of 
the art formulations that utilize HGS. The M formulation uses both HGS and CaCO3 as 
fillers. The ultra-low density formulation (U) is a high end composite formulation that is 
not as commonly found in industry due to the high material cost [138]. To investigate the 
effect of CNC on composite properties, 1 phr of freeze dried NaCNC was added to the M 
formulation (M-CNC). This study also explored a functionally graded composite specimen 
(SUUS) which was comprised of S and U SMC laminates stacked with the standard density 
(S) formulation on the outer surfaces and the ultra-low density (U) formulation as a 
reinforced syntactic foam core. These SMC composite samples should provide a good 
insight into the variety of formulation and materials design options available to commercial 
SMC manufacturers and the following results will allow for a thorough discussion and 
investigation of processing-structure-properties relationships. 
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Figure 5.1 Schematic representation of composite samples in this study. GF, CaCO3, 
HGS, and CNC represented by white lines, tan dots, light grey circles, and red lines 
respectively. 
Resins were processed in accordance with SMC pilot scale procedures outlined in 
Chapter 2. Briefly: wet components of resins were first weighed and premixed at high rpm, 
followed by the addition, and mixing of CaCO3 at high rpm or HGS at a reduced rpm 
(depending on the formulation). Subsequently the material was transferred to the SMC line 
where it was compounded in line with chopped glass fibers (25.4 mm in length). The 
collected SMC thickened for 7 days after which it was compression molded. The charges 
for homogeneous samples were comprised of four plies of identical material, while the 
functionally graded samples contained two outer plies of standard density (S) formulation 
and two inner plies of ultra-low density (U) as indicated in Figure 5.1. All samples showed 
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good mold filling and no macroscopic surface defects. All specimens for testing were 
waterjet from the square molded plates. 
5.2 General Material Properties 
The general material properties for composites in this study are outlined in Table 
5.1. Density measurements were taken by water displacement measurements and averaged 
over at least three samples as described in Chapter 2. Other material content including GF, 
HGS, and CaCO3 was calculated based on the resin paste formulation and reported 
densities for each component of the resin paste. There is some variation in GF content 
across samples (16-20 vol%) but is overall within the acceptable limit typical of SMC 
fabrication, (run to run variation for a given SMC formulation is on the order of 1-2 vol%). 
The SUUS density is comparable to that of the M. M and M-CNC have similar formulation 
densities indicating consistent processing between samples. As similar process parameters 
(i.e. doctor blade height, belt speed, GF cut speed, etc.) were used, the similar composite 
densities and GF content are positive indicators towards similar behavior of the resin paste 
during SMC manufacturing. In other words: the addition of 1phr NaCNC did not affect the 




Table 5.1 Composite density, and reinforcement and filler content for samples in 










S 1.88±0.11 16 0 35 
U 1.05±0.07 18 40 0 
SUUS 1.48±0.25 17 20 18 
M 1.51±0.04 20 20 16 
M-CNC 1.51±0.05 20 19 16 
5.3 Mechanical properties 
Flexural and tensile mechanical testing was conducted on all samples Figure 5.2. The 
loading conditions of flexural testing are such that the mechanical load is carried by the 
outer layer of the composite. Within functionally graded specimens, the standard density 
layer (S), being the outer layer, is expected to define the mechanical behavior in a flexural 
loading condition.   
The standard density (S) formulation displayed the highest strength and modulus 
both in flexural and tensile loading conditions. Standard density composites have 
previously been shown to have better mechanical performance (higher strength and 
modulus) [53, 119, 139]. SUUS displayed similar strength and modulus performance to M. 
The similar performance in properties between SUUS and M is a positive indication for 
the competitiveness of the SUUS to other formulations that could have lower quality 
surface finish. Additionally, the fact that SUUS is competitive with a formulation of similar 
density indicates that there was no substantial compressive buckling of the U core within 
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the functionally graded composite. The addition of 1 phr NaCNC did not have a significant 
effect overall to M mechanical properties. At this loading, 1 phr or 0.3 vol%, the amount 
of CNC is not enough to significantly impact the mechanical properties.  
Failure behavior of composites can be of interest in applications where the material 
needs to “fail safe” or not fail catastrophically (i.e. retain some strength after initial fracture 
occurs). To investigate the role of fracture behavior in these composites, particularly the 
functionally graded material, the individual stress-strain curves for 3 point bending testing 
were examined, Figure 5.3. Most S samples displayed an immediate substantial drop in 
strength (as much as 60%) after maximum stress was reached. All U samples displayed a 
more gradual failure behavior, some displaying a small drop in stress before continuing to 
increase until ultimate failure. All but one of the functionally graded SUUS composites 
display failure behavior more characteristic of the U sample. These observations seem to 
indicate that SUUS can provide a more gradual failure than S.  
The mechanical properties of the composites normalized by density are outlined in 
Figure 5.4 and Figure 5.5. As expected based on previous studies, the standard density 
formulation has the lowest specific properties and the U formulation has the highest [139]. 
This is primarily due to the high amount of HGS present in the U formulation. Although 
the HGS reduce strength and stiffness of the composite, the reduction in density 
counterbalances this effect when examining specific mechanical properties. Again, the 
SUUS formulation shows comparable average specific strength and modulus to the M 
samples. Further indicating the promise of a functionally graded composition for 
components where high surface finish is desired.  
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Figure 5.2 Flexural and tensile properties for various SMC compositions in this 




Figure 5.3 Stress strain curves for 3 point bend samples comparing monolithic S 


























Figure 5.4 Specific tensile strength and specific tensile modulus data for samples in 
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Figure 5.5 Specific flexural strength and specific flexural modulus for samples in 
this study. Error bars are 1 standard deviation. 
5.4 Microstructure 
In the development of this functionally graded composite, ensuring that the various 
material formulations are distinctly distributed and consistently spaced is of interest. If, 
during compression molding, the S and U layers were to mix and comingle, the objective 
of this study would be unfulfilled. Optical and electron microscopy was conducted to 
examine the boundary layer between the different layers of the composite. Furthermore, 
imaging was done on tested 3-point bend specimens to examine if there is any change in 
fracture behavior, i.e., compressive vs tensile failure or failure along the S-U interface.  
Optical microscope images of the S, U, and SUUS samples are shown in Figure 
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propagation to a depth of approximately 2.5 mm into the sample while the U sample shows 
cracking and failure throughout the thickness. This indicates that S could have superior 
fracture toughness or a higher crack propagation energy over U. A similar observation is 
born out when comparing S to SUUS (Figure 5.6a and c). The core U material within the 
SUUS composite displays significant cracking. This observation may be of interest in 
applications where failure modes are of interest but is likely not relevant for structural 
components that are only expected to experience elastic deformation. All samples 
displayed signs that the primary mode of fracture was from tensile failure on the side 
opposite of the applied flexural load. No buckling behavior was observed. With respect to 
fracture behavior the final point of interest is the presence or lack thereof of delamination 
at the S-U interface within the SUUS composite. The upper region of initial failure (Figure 
5.6c and Figure 5.7b) does not show signs of delamination between component material 
layers (the tan S layers from the white U layers). At the S-U interface closer to the 
compression side, Figure 5.7a, there is some degree of delamination between layers. This 
may be due to the different crack propagation behavior between S and U. As the crack 
propagated through the middle U layers, it ran into the S layer and was inhibited. As a 
result, the crack deflected more in the horizontal direction parallel to the S-U interface. 
Further testing, such as impact testing could provide more insights into this behavior.  
The S-U interface was also examined both by SEM and optical microscopy. Optical 
imaging showed mostly even stratification of S and U layers. There were some observed 
perturbations (~500 µm variance across ~10 mm of length), but none substantial enough 
to interact with the outer material surface, Figure 5.6d, and Figure 5.7c. Examining the 
interface more closely, the boundary layer can be clearly distinguished and no HGS 
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particles appear to have mixed in with the S layer Figure 5.8. These observations are 
evidence of satisfactory processing techniques for manufacturing a functionally graded 
composite. 
 
Figure 5.6 Representative fracture images for 3 point bend specimens a) S, b) U, c) 
SUUS. Upper surfaces were in tension while lower surfaces were in compression 
during testing. d) Un tested region of SUUS specimen showing segregation between 




Figure 5.7 Higher magnification optical microscope images of a) dashed box and b) 




Figure 5.8 Electron microscope images of S-U interface. Dotted red lines indicate 
approximate boundary between different layers. a) and b) depict the two boundary 
layers of the SUUS composite. Scale bars are 100 µm. Exposed surface prepared via 
waterjetting. 
5.5 Water Uptake Properties 
Water uptake of the SMC composites was characterized at two temperatures, 35 
and 70°C to observe the material performance under different acceleration conditions. Two 
models are useful in understanding the water uptake behavior of materials: the Fickian 
Diffusion model, and the Langmuir Adsorption model. Water uptake behavior following 
Fick’s second law is characterized by a linear initial region followed by a level equilibrium 
water uptake plateau. The Langmuir Adsorption model is characterized by more 
logarithmic like behavior with no plateau. For fiber reinforced composites the primary 
driver of composite water uptake is glass fiber content. The main avenue for water uptake 
is via diffusion along the surface of the glass fiber. Glass specific surface area (SSA) or 
area of glass surface per unit mass of composite, for both GF and HGS were calculated 
from methods outlined in Chapter 2. The glass SSA values are outlined in Table 5.2. 
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Although SUUS and M have similar HGS vol% (Table 5.1), the differences in diameter 
between the HGS types used leads to differing HGS SSA values. Critically, these 
calculations assume a monodisperse size distribution equal to the reported GF and HGS 
dimensions. As described in Chapter 4, increased water uptake leads to swelling of polymer 
chains and delamination of the matrix from the glass surface, resulting in reduced 
mechanical properties. As a result, minimizing water uptake is of critical interest. 
Table 5.2 Calculated specific surface area for glass surfaces found within various 
composites in this study.  













S 23 0 23 
U 48 5.1 53 
SUUS 32 1.8 34 
M 38 1.0 39 
M-CNC 37 1.0 38 
a Assume GF diameter of 14 µm. b Assumes HGS diameter as reported by supplier in Chapter 2. 
The resulting water uptake data is outlined in Figure 5.9 and Figure 5.10. At 35°C 
the water uptake behavior of all samples is largely coincident. In order of increasing 
average maximum water uptake the samples are M, M-CNC, SUUS, S, and U. The 
consistent water uptake behavior across samples at this temperature is an indication of the 
good moisture stability of the samples at relatively mild conditions. At elevated 
temperatures (70°C), the samples begin to differentiate more strongly, Figure 5.10. The U 
sample, containing MS treated HGS and no CaCO3 displays significantly higher maximum 
water uptake. There are multiple factors that could lead to this effect. First, the significantly 
increased glass surface area presented by the relatively high loading of HGS would be 
expected to increase the total amount of water absorbed by the composite, Table 5.2. 
Second, at elevated temperatures and extended times, the HGS can leech minerals into the 
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DIW and allow water to permeate the previously entrapped void within the HGS. As a 
result, the water uptake will increase substantially as the entrapped voids are filled with 
water. Interestingly, the SUUS does not increase proportionally to the same extent as the 
U, even though it contains a significant amount of HGS. SUUS more closely mimics the 
behavior of the S and M samples. The addition of 1phr NaCNC to the M formulation does 
not seem to significantly affect the water uptake behavior. The primary driving force 
behind the water uptake remains the glass surface area for M-CNC. The reduced water 
uptake behavior of S relative to U indicates that in the case of an infinitely wide plate (i.e. 
where there is limited diffusion through the edges of the material), the water uptake should 
more closely mimic the behavior of the S material. Future studies are needed with samples 
generated specifically for this purpose, as this study was constrained both by the sample 





Figure 5.9 Water uptake curves for samples in this study conditioned at 35°C in 




Figure 5.10 Water uptake curves for samples in this study conditioned at 70°C in 
DIW. Error bars are 1 standard deviation. 
The wet aged material properties were also examined for composites. Samples were 
aged in 70°C DIW for 3.5 weeks and subsequently tested without drying. The dry and wet 
aged tensile properties are given in Figure 5.11. All samples had a reduction in tensile 
strength and most samples showed a reduction in tensile modulus. The only exception 
being U, which displayed an increase in average tensile modulus; however, the shift is 
small (<10%) and not statistically significant. During water uptake, each material will swell 
in accordance with the amount of water absorbed, and the elasticity of the matrix. 
Essentially, if the swelling behavior of S and U is different, then hygrothermal ageing 
would induce residual stresses within the composite.  The SUUS sample did not display 
significantly lower wet properties than either the material with similar density (M), or the 
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baseline S. This appears to indicate that the macroscopic layering structure does not make 
the material more susceptible to mechanical losses during water uptake. The M-CNC 
sample is not statistically different from the M sample in wet mechanical properties. This 
indicates that at this loading of CNC, the mechanical properties are not negatively affected.  
 
Figure 5.11 Dry and wet aged tensile properties for samples in this study. Error bars 




In developing laminated structures, software tools such as The Laminator are useful 
in predicting laminate properties and aiding in composite design. This study uses classical 
laminated plate theory to predict tensile and flexural modulus, while Tsai-Hill theory is 
used to predict tensile strength. Variation between experimental data and theoretical 
models can usually be traced to the assumptions bound within the model. These 
calculations assume the material properties for S and U as listed in Section 5.3. And that 
the composite is a plate 5.5 mm in thickness (the average SUUS plate thickness), with 52% 
of that thickness being S formulation and 48% being U formulation in an A-B-B-A 
arrangement. Relative thickness values are determined by a rule of mixtures calculation 
from the densities of the SUUS composite and the monolithic composites S and U, and 
assuming no difference in void content between S, U, and SUUS. The model assumes a 
poisons ratio of 0.30 for all materials, a value selected based on values found in literature 
[5]. Laminate strength is taken from a first ply failure case.  
Table 5.3 outlines the mechanical properties of the SUUS composite as well as the 
values predicted from the models. Both untreated and wet aged samples are in good 
agreement with the predicted tensile values, all falling within the 95% CI. The well 
predicted behavior is an indication of the quality of the classical lamination theory model 
as well as the quality of the manufacturing processes needed to generate the composite. 
The flexural modulus is ~10% lower than what would be predicted by the model. This 
deviation could be due to variations in the load distribution between the experimental and 
theoretical or the presence of shear forces on the specimen during testing.  In both the 
untreated and wet aged case, the predicted strength value is lower than the average 
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experimental value. Overall, the model is in good agreement with the experimental values 
and indicates that classical lamination theory can be used effectively to predict composite 
properties for functionally graded SMC composites.  
Table 5.3 Comparison of experimental and theoretical values for tensile strength 
(σt), tensile modulus (Et), and flexural modulus (Ef) of the functionally graded 







Experimental  60.0±10.6 7.3±1.4 7.0±0.4 
Experimental wet aged 40.7±3.7 5.7±1.6 - 
Lamination theory 52.2 6.8 7.8 
Lamination theory wet aged 37.0 5.9 - 
 
5.7 Conclusions 
Functionally graded SMC composites were developed and validated by various 
methods, (mechanical testing, density measurements, microscopy, environmental 
conditioning). SMC composites with CaCO3, HGS, and CNC were also generated and 
tested in a similar manner. Measurements of functionally graded SMC indicated good 
interlaminar bonding, and comparable mechanical properties to a singular composite 
formulation with similar density (1.48 and 1.51 g/cm3 for SUUS and M respectively). The 
functionally graded design of the composite increased the specific tensile modulus by 14% 
and the specific tensile strength by 22% over the S baseline. Analysis of flexural testing 
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stress strain curves and optical microscope images of fracture patterns revealed a shift in 
fracture behavior from the more rapid catastrophic type of failure of S, to a gradual type of 
failure in SUUS and U. Environmental conditioning of samples revealed no significant 
difference between SUUS, M, and M-CNC materials. These results were taken to indicate 
that there was not significant crack formation between the S and U layers of the SUUS 
composite during water absorption as that would have led to a significant spike in water 
uptake, and a dramatic reduction in mechanical properties. Similarly, the lack of a 
difference in behavior between M and M-CNC indicates that the addition of 1 phr freeze 
dried NaCNC did not negatively affect the composite properties. Further studies are needed 
to investigate the specific mechanisms of water absorption and mechanical degradation in 
these composites. Classical laminate theory was used to compare the SUUS experimental 
behavior with theoretical calculations. The collected mechanical data showed good 
agreement with the model further indicating the efficacy of the processing techniques used. 
This study provided key insights into the processing-structure-property relationships of 
functionally graded composites, syntactic foam composites, and the use of CNC in SMC. 
These results from this fundamental study should prove useful for commercial 
manufacturers interested in developing novel techniques for reducing density of SMC 





CHAPTER 6. CONCLUSIONS & FUTURE WORK 
This chapter will outline the major conclusions of each prior chapter and provide a 
discussion on how these points illuminate the overall objectives of the thesis. Following 
the conclusions is a discussion on questions that have been revealed during the work and 
comments on future studies and experiments.  
6.1 Chapter Conclusions 
The primary goal of this thesis was to develop novel methods for lightweighting 
PR based composites, this was to be achieved by either (i) substitution of some material 
with a light but strong material, (ii) reduce the density of the composite by adding ultra-
light weight materials such as hollow glass spheres, (iii) design a functionally graded 
composite, or (iv) a combination of i-iii. Each chapter aimed to address some or all these 
points and do so via a fundamental approach.  
6.1.1 Chapter 3: Cellulose Nanocrystal Reinforced Polyester Composites 
• Dispersing freeze-dried CNC in PR via probe sonication proved inadequate for 
producing a completely nanodisperse system as observed by light microscopy and 
electron microscopy.  The study continued using the CNC-PR composite system 
with ~100 µm sized, flakelike CNC agglomerates.  Mechanical performance 
improvements were still achieved despite the large CNC agglomerate within the PR 
matrix.  
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• Tensile and flexural modulus of freeze-dried CNC-PR composites were 50% and 
20%, respectively, higher than the baseline PR, but tensile strength was decreased 
by as much as 40% relative to the baseline PR.  
• Dynamic mechanical analysis of CNC-PR composites demonstrated that the 1 wt% 
PhCNC and 1 wt% MCNC composite had a 66% and 61% increase in E’g and a 
65% and 48% increase in E’r
 over the PR baseline, respectively. 
6.1.2 Chapter 4: Nanoreinforced Syntactic Foams 
• HGS were successfully coated with both NaCNC and PhCNC as observed by SEM, 
XPS, and TGA. 
• Spray dried NaCNC and HGS did not have any interaction effect when combined 
in a PR matrix as measured by mechanical testing, and environmental testing. 
• PhCNC coated HGS-PR composites had 33% higher E’g, 41% higher E’r, but a 
40% lower tensile strength relative to the uncoated HGS-PR composite as measured 
by DMA.  
• Maximum water uptake for NaCNC coated HGS-PR composites was 50% lower 
than that of uncoated HGS-PR composites and 28% lower than MS treated HGS-
PR composites.  
6.1.3 Chapter 5: Syntactic Foam SMCs 
• A functionally graded SMC composite was manufactured utilizing a syntactic foam 
core. The tensile, flexural, and water uptake behavior of the functionally graded 
composite was comparable to that of a fully syntactic foam composite. 
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• Failure phenomenon and crack behavior of the functionally graded composite was 
dictated by the behavior of the core material rather than the surface material. 
• The addition of 1 phr freeze-dried NaCNC to the resin did not substantially change 
the processing behavior of the system as compared to a formulation without 
NaCNC. Furthermore, 1 phr NaCNC was not sufficient to significantly impact the 
physical properties of the composite. 
• Classical lamination theory and Tsai-Hill failure criteria models showed good 
agreement with the experimental data (e.g., flexural modulus, tensile modulus, and 
tensile strength,) indicating that the system behaved similar to an idealized 
laminated composite (e.g. good interlaminar bonding, linear stress distribution, and 
minimal residual stresses). 
6.1.4 Dissertation Conclusions Summary 
Characterization of surface modified CNC-PR composites showed that probe 
sonication was not enough to overcome CNC-CNC agglomerate adhesion even among 
CNC which were surface modified with bulky methyl(triphenyl) phosphonium cations. 
Mechanical testing via dynamic mechanical analysis, tensile testing, and flexural testing 
revealed that the addition of PhCNC and MCNC had the strongest effect of increasing the 
elastic moduli of the composite when compared to the baseline PR. The increase in the 
case of the PhCNC was attributed to the more favorable PhCNC-PR interactions as 
compared to SCNC-PR interactions. In the case of the MCNC, it was hypothesized that 
crosslinking could have occurred between the PR matrix through the unsaturated maleic 
surface group.  
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Surface coating of HGS and the resulting HGS-PR composites showed the 
promising capability of multiscale hierarchical structures for generating low density 
composites while also mitigating some of the detrimental effects of increased HGS loading, 
specifically reducing maximum water uptake. The mechanical consequences of CNC 
coating on HGS were mixed when observed via tensile testing, equivalent elastic modulus, 
but decreased tensile strength vs untreated HGS-PR composites. Measurements taken by 
DMA provided a clearer distinction between composite specimens: revealing that the 
PhCNC coated HGS had enhanced performance over the untreated HGS-PR composites 
both at lower and elevated temperature conditions. Furthermore, a reduction in the Tβ peak 
of the tan(δ) curve indicates the restriction of lower energy rotations of the polymer 
network upon addition of CNC coated HGS to the PR matrix.  
The final study provided a framework for developing lightweight SMC composites 
using functionally graded composites, HGS, and CNC. Characterization of the functionally 
graded composite indicated that the processing method provided good adhesion between 
individual layers without significant mixing of the material between layers. The 
functionally graded composite had similar performance to a composite comprised of a 
single material formulation; however, the surface properties of the functionally graded 
composite are expected to perform more similarly to that of a commercial standard 
formulation which provides a higher quality finish and better water barrier properties than 
the lower density reinforced syntactic foam SMC. It was also noted that the flexural failure 
behavior of the functionally graded composite was more characteristic of the ultra-low 
density material than the standard density material. The addition of 1 phr freeze-dried 
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NaCNC did not have a significant effect on the processing behavior of the material, or the 
final composite mechanical and hygrothermal behavior.  
In conclusion, the processing techniques and material systems developed here 
provide a guide to future studies and applications which aim to reduce part weight without 
sacrificing critical to customer properties such as strength, resistance to water damage, and 
performance at elevated temperatures. This work could prove useful to products in various 
sectors including automotive, aerospace, naval, and household goods. The materials-
process-structure-properties relationships within these systems was explored through 
various techniques and a fundamental investigation was completed. 
6.2 Future Work 
6.2.1 Optimization of CNC Drying Method for Maximizing Dispersion Quality 
Further work on adjustments to drying procedures for CNC could lead to enhanced 
dispersion quality in the PR. Other studies have found a benefit to maximizing specific 
surface area of the dried CNC aerogels to mechanical properties and dispersion quality for 
CNC-polymer nanocomposites [87, 95, 96]. Preliminary work was conducted to adjust 
freeze drying parameters and enhance CNC aerogel specific surface area, and the outcome 
is utilized in Chapter 3.  
Such study would likely involve adjusting CNC concentration (~0.1-5 wt% in 
DIW), CNC dispersion freezing conditions (liquid nitrogen vs. low temperature freezer, 
freezing as droplets vs. bulk freezing), adding dispersants (tert-butanol, ion exchanged 
counterions), and adjusting drying conditions (shelf temperature, drying time). 
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Additionally, to keep the study within the aim of commercial scalability, collaboration 
and/or access to larger scale lyophilization equipment is necessary.  
Characterization of the as dried CNC aerogels would be necessary. SEM and cross 
polarized light microscopy would be useful in characterizing the aerogel structure, and 
individual aerogel macroparticle size. Brunauer-Emmet-Teller (BET) gas adsorption or a 
similar method should also be useful in quantifying the specific surface area of the CNC 
aerogels.  
To determine the permeability of PR into the CNC aerogel, and the dispersion level 
of CNC in the PR matrix, various techniques would be useful. SEM imaging of fracture 
surfaces or sectioned surfaces can provide morphological characterization of the CNC-PR 
composite structure. Cross polarized light microscopy can provide adequate 
characterization of the agglomerated CNC in the PR. Further testing with DMA and tensile 
testing can also provide some insight into the interphase regions between CNC and PR. 
The CNC aerogel with the highest degree of porosity and specific surface area would be 
expected to have the largest interphase region by volume, as the exposed surface area of 
CNC should be the greatest. Complete nanodispersion of CNC by this method is possible 
but still unlikely as CNC-CNC interactions are incredibly strong relative to CNC-polymer 
interactions [36, 87, 95, 96]. 
6.2.2 Scaleup of HGS Coating Process to SMC Pilot Production 
CNC coated HGS-PR composites were shown to be an enhancement over untreated 
HGS-PR composites at the lab scale; however, to fully validate this method for reinforced 
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syntactic foam composites, a pilot scale production run should be completed. Optimization, 
repeatability, and capability of this process should be addressed.  
With respect to further optimization and validation of the CNC coated HGS 
composites various parameters could be adjusted. During the coating step the parameters 
of interest are the relative amount of CNC, HGS, and dispersing solvents (DIW, ethanol, 
or others), the conditions of the silane hydrolysis reaction (temperature, time, pH), and 
drying temperature and time. Adjusting these variables could lead to an improvement in 
the consistency of surface quality across various HGS particles, and a reduction of any 
fracturing of HGS, and HGS agglomeration. Mixing methods for combining HGS into 
polymer resins has already been explored across conventional two phase (HGS-matrix) 
syntactic foam studies.  
Quantitative validation of the process optimization should also be carried out. SEM 
analysis combined with gas pycnometery would be useful in describing the degree of HGS 
fracture during processing, and in determining the change in particle density, if any. 
Surface analysis methods such as BET, and XPS. FTIR should also be useful for 
determining chemical interactions and covalent bonding between the HGS and CNC.  
Testing of the bulk composites manufactured from CNC coated HGS would be 
tested in a similar manner to Chapter 5. Mechanical tests, such as compressive testing, 
tensile testing, flexural testing, and impact testing, should provide good insights into the 
elastic and failure behavior of the generated reinforced syntactic foam composites. 
Dynamic mechanical analysis and thermogravimetric analysis could also be used to 
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characterize the thermal behavior of the composites. Water uptake testing of these 
composites would also provide good insight into the environmental performance. 
Such a study would provide an excellent template for future use of CNC coated 
HGS in commercially used syntactic foam systems, as well as a strong fundamental 
understanding of the micromechanical behavior of the composite, and the HGS-matrix 
interactions. 
6.2.3 Further Testing of CNC Coated HGS-PR Composites 
Although scale up of lab-based ideas is always an exciting prospect, further testing 
of the limited CNC coated HGS-PR composite would be eminently useful in investigating 
the effects of CNC on the HGS-PR interphase. The tests outlined here would be useful for 
potential scale up of these concepts to industrially relevant processes such as SMC. 
Additionally, the testing completed in Chapter 4 does not fully encompass some of the 
benefits of using syntactic foam composites such as decreasing thermal conductivity of the 
material. 
To understand the consequences of CNC coatings on HGS further mechanical 
testing such as compressive testing, and fracture toughness testing would be useful. 
Syntactic foam composites are useful in part due to their low density and so have been 
utilized as fillers in structures in submersible vehicles where large hydrostatic pressures 
are present [140]. The impact properties of these composites would also be of interest for 
use in aerospace structures or defence applications. The thermal behavior of these 
composites (coefficient of thermal expansion, and thermal resistivity) would also be of 
interest for “under the hood” applications in the automotive sector, where the thermal 
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gradient can be on the order of 80-90°C. Further understanding of the specific degradation 
mechanisms during water adsorption should also be considered. In accelerated 
hygrothermal conditioning, HGS are prone to leeching of minerals and eventual rupture 
[132]. Testing should be conducted to determine if the CNC coating altogether prevents 
this behavior, mitigates it, or has not effect.  
6.2.4 Further Studies of Functionally Graded SMC 
The study outlined in Chapter 5 provided an initial foray into functionally graded 
SMC and their design. Further examination of the limits of this technique could prove 
insightful for the fundamental mechanics of SMC processing and compression molding 
and provide relevant information for commercial applications that aim to develop novel, 
lightweight SMC structures.  
Even when discussing conventional SMC processing the number of potential 
process variables allows for a tremendous design space; however, during the work in 
Chapter 5 a handful variables rose to prominent interest. Adjusting the GF content between 
the layers of the material could provide novel structures (e.g. ≥30 vol% GF in the outer 
plies and ≤10 vol% GF in the inner plies). The “volume” of the removed GF in the inner 
plies could be replaced by more HGS. This should further enhance the bending strength of 
the composite without sacrificing surface properties. Such an experiment may be structured 
so that several composites of varying GF gradients, but similar overall density are 
generated, tested, and compared to theoretical calculations. Another possible functionally 
graded configuration could involve the use of woven fiber mats in addition to a chopped 
fiber mat.  
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Further testing on the composites discussed in Chapter 5 would also prove useful 
in further exploring the fundamental behavior of the functionally graded composite. 
Surface roughness analysis of the sanded composite by a standard method would provide 
key data for industry. Environmental conditioning on specifically manufactured 
composites (i.e. composites that follow the “Thin Specimen” criteria of ASTM D5229) 
[90]. Computer tomography of the functionally graded SMC sample could also be 
conducted to better examine the microstructure of the composite and better determine any 
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